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 As Americans continue to focus on the use of cleaner, and more efficient forms of 
energy, tight gas reservoirs like those in the Piceance Basin in Colorado are becoming 
increasingly important. The Williams Fork Formation is potentially capable of 1.2 BCF/day of 
natural gas production. With continued tight gas development in the Piceance Basin, and a better 
understanding on the controls behind zones of enhanced production, that contribution can be 
expected to grow. The understanding of natural fracture networks, and the drive to exploit their 
characteristics as migration pathways, will allow for more efficient gas production.  
 Laramide east-west compression resulted in the formation of regional sub parallel 
fracture networks within the Williams Fork Formation. Major and minor localized deformation 
resulted in the development of structurally derived fracture networks. At least three separate sets 
of fractures exist at outcrop, but the extent of these networks across different preserved 
depositional environments is poorly constrained.  
Regional compressive stress directions were the primary control on fracture orientation. 
However, localized structures related to the Laramide deformation developed structural networks 
of extensional fractures that are orientated parallel to the axial trace of folds, and strike of normal 
faults. These locally derived structurally related networks in addition to the regional networks 
form overall tighter fracture spacing than bedding in lesser deformed portions of the Piceance 
Basin. Increased local deformation is associated with both normal surface faulting in the western 
Piceance Basin, and subsurface intrabasin imbricated thrust faults in the southern Grand 
Hogback area. Additionally, the depositional environment of a single bed controlled bed 
thickness and brittleness. Tighter average fracture spacing is associated with thinner, more brittle 
beds.  
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CHAPTER 1 INTRODUCTION 
1.1 Importance 
 According to the United States Energy Information Administration’s 2012 report, dry 
natural gas production in the United States is estimated to rise from roughly 22.1 TCF in 2010 to 
greater than 28.5TCF by 2035, in order to meet a growing demand for cheaper and cleaner forms 
of energy, with an emphasis on electricity output and transportation costs. Tight gas, (gas in 
sediments with .01 mD permeability or less) in 2010 made up 26% of all natural gas production, 
and is estimated to still make up 21% of total natural gas production in 2035 (United States 
Energy Information Administration, 2012). The majority of future tight gas production is 
estimated to come from shale gas, whose recent and continued rapid expansion is primarily 
driven by technical advancements in hydraulic fracturing. 
 The Piceance Basin, located in western Colorado, is recognized as a basin-centered tight 
gas accumulation (Spencer, 1995; Nelson and Santus, 2010) (Figure 1.1). In 2008 the Piceance 
Basin was responsible for the production of 1.2 BCF/Day of primarily natural gas (Hood and 
Yurewicz, 2008). Given the rapid expansion of United States shale gas plays, and the related fall 
in gas prices, the overall production from the Piceance basin has recently declined in favor of gas 
from more cost efficient reservoirs throughout the country. However, the Piceance basin still 
boasts an estimated undiscovered 12.3 TCF and 24.8 MMBO in resources, indicating the 
Piceance basin is still an important reservoir for future development (USGS, 2003). 
 Natural gas production in the Piceance Basin is not limited to, but is certainly focused 
within the stratigraphic interval of the Mesa Verde Group (USGS, 2003) (Figure 1.2). Within the 
Mesa Verde Group, gas reservoirs are concentrated within the informally defined middle and 
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upper members of the Williams Fork Formation. These reservoirs have characteristic porosities 
of 2 to 12%, and permeabilities that fall within the range of 0.0002 to 1 mD, but are on average 
0.01 to 0.1 mD (Stearns and Friedman, 1972; Soeder, 1987; Johnson, 1989; Johnson and 
Roberts, 2003) (Figure 1.3). Fracture networks are commonly found across the entire Piceance 
Basin. Fracture network mapping, and knowledge of fracture set characteristics can aid in 
increasing the effective porosity, as well as finding areas of enhanced production by allowing for 
the selection of highly communicative reservoirs, while avoiding baffles and barriers (Stearns 
and Friedman, 1972). In fact, core plug tests indicate that even fractures filled with occluding 
calcite cement increase reservoir permeability by 1 to 2 orders of magnitude (Finely and Lorenz, 
1989; Lorenz et al., 1989). In a tight reservoir like the middle and upper Williams Fork, fractures 
seem to be a major driver for enhanced production.  
 By further studying and understanding the distribution of fractures at outcrop and in the 
subsurface, one could expect to see positive growth in production efficiency. The development 
of fracture relationships with depositional environment, as well as the localized strain 
environments allow for more accurate exploitation of reservoir sweet spots, and aids in the 
efficient development of the Piceance Basin as a whole.  
1.2 Project Goals 
This project aims to better define the relationships between natural fractures and the 
original depositional environment, and fractures and variable strain environments in the tight 
sand reservoirs of the middle and upper Williams Fork Formation, Piceance Basin, Colorado. 
The specific goals of this study include: 
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1) Determine the relationship between fracture orientation, spacing, and other properties to the 
variability in depositional environments within the middle and upper Williams Fork.  
 
2) Determine the relationship between fracture orientation, spacing, and other properties to 
regional variability in strain across the Piceance Basin. 
 
3) Examine the influence of exposed surface faulting on fracture orientation, spacing, and other 
properties in the western portion of the Piceance Basin.  
 
4) Examine what effect evaporites have on the structural evolution of the southeast portion of the 
Piceance Basin. Observe what differences exist in fracture populations at outcrop from the 
northern Grand Hogback monocline, to those of the evaporite related southern Grand Hogback 
monocline. 
 
5) Further progress the understanding of the structural evolution of the Piceance Basin, with 
particular concentration around new 2D seismic lines, as well as the faulting in the western part 
of the Piceance Basin. 
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Figure 1.1. Location, and bounding structures of the Piceance Basin. The red outline is the extent 
of the geographic boundaries of the Uinta-Piceance Basins.  The blue outline represents the 
extent of the Mesa Verde Total Petroleum System as defined by Johnson and Roberts (2003). 
Green shaded areas are Mesa Verde outcrops. Structural constraints are labeled along the outside 
of the Piceance Basin. A-A’ is the cross section shown in Figure 2.3 (Modified from Johnson and 





















Figure 1.2. General stratigraphic column for the Piceance Basin. The red square highlights the 
sediments under examination in this report. The column and ages are compiled from Edwards 
(2011), Hettinger and Kirschbaum (2003), Cole and Cumella (2003), Gradstein et al., (2004) and 




Figure 1.3. The porosity and permeability values associated with the Williams Fork Formation 
fluvial, coastal, paludal, and the Mancos marine portions of the MWX core. Porosity ranges from 










CHAPTER 2 BACKGROUND 
 In order to discuss the project methodology, results, and conclusions, it is imperative to 
offer all relevant background information with regards to the Piceance Basin. The following 
sections have been organized to offer a foundation of knowledge pertaining to the structural 
history, fracture networks, sedimentology, stratigraphy, and organization of the Mesa Verde 
Petroleum System components.  
2.1 Location 
 The greater Piceance-Uinta Basin is sub divided into the Piceance and the Uinta basins by 
the north-south Douglas Creek arch anticline along the Colorado-Utah border (Figure 1.1). The 
Piceance Basin is located east of this anticline in the northwest portion of Colorado. The 
Piceance Basin is constrained by the Axial Basin anticline to the north, the White River uplift to 
the east, the Uncompahgre uplift to the south and southwest, and Douglas Creek arch to the west 
(Figure 1.1). Like many other intermontane basins in the Rocky Mountain region, these 
constraining structures are associated with the Laramide Orogeny (Johnson, 1989). 
 In relation to current infrastructure, the Piceance Basin is bisected by Interstate 70, and is 
further developed by multiple other major US highways. The majority of the Piceance Basin 
production is located below 8,000 ft. in an arid climate, meaning year round natural gas 
production is rarely interrupted.  
2.2 Regional Geology 
 The Sevier Orogeny formed the abrupt western boundary of the Western Interior Seaway, 
a Cretaceous epeiric sea that spanned from northern Canada to the present day Gulf of Mexico 
(Johnson, 1989). Sevier uplift in the west shed sediment into the seaway that preserved 
sediments representative of a transitional environment from that of a low coastal plain to a deep 
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marine setting (Lorenz, 1982) (Figure 2.1). Following the deposition of these sediments, 
Cretaceous to Eocene compressive deformation resulted in the development of the Piceance 
Basin within the Laramide aged uplift belt (Johnson, 1989). This east-west compression formed 
sub parallel extensional fractures across much of the Piceance Basin. Locally, structural 
deformation, generally folding and fault propagation folding, formed fractures parallel to fold 
axial trace.  
 Accelerated subsidence, in part caused by dynamic subsidence related to the migrating 
peak of the subducted Farallon plate resulted in a maximum burial period in the Piceance Basin 
from roughly 40 to 36 Ma (Lorenz and Finely, 1992; Liu et al., 2011) (Figure 2.2). Type III 
kerogen derived from primarily the Cameo Coal was then heated, expelling natural gas into the 
middle and upper members of the Williams Fork Formation (Figure 1.2). These fluvial to 
marginal marine sediments act as the reservoirs in the Mesa Verde Petroleum System. There are 
no well defined seals, rather the system is comprised of numerous sedimentary traps enclosed in 
a tight reservoir matrix. 
2.2.1 Structure 
 Jurassic through Cretaceous eastward thrusting related to the Sevier Orogeny formed the 
western border of the Sevier Foreland Basin (Johnson, 1989). This massive basin experienced 
accelerated subsidence and as a result aided in the shaping of the Western Interior Seaway. 
During the Sevier Orogeny, thrust faulting was primarily constrained further west in present day 
Utah, but it is speculated that compression associated with Sevier faulting aided in creating 
planes of weakness that eventually would become deformation zones during the younger 
Laramide Orogeny (Bader, 2009). During the Campanian, the final episodic thrusts related to 
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Sevier age deformation coincided with the earliest periods of the Laramide Orogeny around the 
area of the modern Piceance Basin (Johnson, 1989).   
 Late Cretaceous through Eocene shallow angled subduction of the Farallon plate resulted 
in uncommonly distal compression, and associated uplift (Johnson, 1989; Liu et al., 2011). This 
generally east-west compression resulted in the reactivation of pre-existing fault zones (Grout et 
al., 1991; Cumella and Ostby, 2003).  The east west compression was also the driving factor 
behind the Piceance Basin’s shape. The Piceance Basin is described as kidney shaped in map 
view with the more elongate axis being the northwest-southeast synclinal axis. In cross section, 
the Piceance Basin has taken a highly asymmetrical shape, with dips commonly exceeding 80˚ 
along the eastern margin and rarely exceeding 20˚ on the western slope (Grout, 1988) (Figure 
2.3; 2.4).  
Along the eastern portion of the Piceance Basin, pre-Laramide faults tend to be thick-
skinned thrusts that ramp up to an upper level detachment layer along the Mancos Shale (Grout 
et al., 1991) (Figure 2.5). These faults begin to splay and die out in the younger strata, including 
the lower portions of the Mesa Verde. In some localized areas, thrusts use Pennsylvanian 
evaporites as a detachment layer, and it is theorized that minor anticlinal structures formed in the 
fairly structureless interior of the Piceance Basin as a result of this evaporite detached thrusting 
(Grout et al., 1991) (Figure 2.5). These eastern thrusts are thought to be the driving mechanisms 
behind the formation of the Grand Hogback; a fault propagation fold that result in commonly 
greater than 80˚ dips and is the divider between the Piceance Basin and the eastern White River 
uplift (Figure 2.4). This monocline is a major structure in cross section and seismic, as well as an 
unmistakably sinuous shape in map view (Figure 1.1).  
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To the south and southwest lies the Uncompahgre Uplift (Figure 1.1). The Uncompahgre 
uplift experienced deformation during the late Mississippian and continued through the early 
Permian (Casillas, 2004). Pre-existing Pennsylvanian block faults were reactivated during the 
Laramide Orogeny, resulting in the uplift of the Uncompahgre Plateau (Casillas, 2004).  
Forming the division between the Piceance Basin and the closely associated neighboring 
Uinta Basin to the west is Douglas Creek arch (Figure 1.1). This north south trending anticline is 
thought to be associated with the Laramide aged Rock Springs uplift to the north in Wyoming 
(Bader, 2009). The arch formed as a result of reactivated pre-existing discontinuities most likely 
Precambrian in age (Bader, 2009). The arch is normal to Laramide compression, but also shows 
evidence in the form of surface faulting that expresses extensional deformation thought to be 
experienced at the end of the Laramide Orogeny (Bader, 2009).  
 The Axial Basin anticline is the northern structural constraint of the Piceance Basin 
(Figure 1.1). The east-west trending structures in the Rockies formed in the early Eocene (Gries, 
1983). The Axial Basin anticline is associated with multiple surrounding east-west trending 
structures, especially the Uinta Mountain Uplift that is more defined to the northwest of the 
Colorado-Utah border. Eocene compressive stress directions tended to be more north-south than 
those of earlier Laramide compression (Gries, 1983). It is suggested that Precambrian east-west 
trending faulting resulted in favorable east-west trending mountain ranges formed from 
aforementioned north-south displacement.  
Simultaneous with Laramide aged structural uplift and deformation, dynamic subsidence 
aided in forming accommodation in the Piceance Basin. As the Farallon Plate traveled eastward 
under the North American Plate, a section of anomalously thick and cool oceanic slab material 
on the western portion of the slab formed an arch like shape to the subducting plate. There is an 
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inverse convection relationship between the peak of the subducting plate and the subsidence 
directly above it, such that the traveling peak tends to correlate with zones of increasing dynamic 
subsidence (Liu et al., 2011) (Figure 2.6). This dynamic pull associated with the shallow peak of 
the Farallon plate is documented in multiple Rocky Mountain interior basins. According to Liu et 
al., (2011) the time of maximum subsidence in the western portion of the Piceance Basin was 
between 84 and 80 Ma. This Cretaceous time period is just before the deposition of the Mesa 
Verde Group, however there is continued significant dynamic subsidence in the late Cretaceous. 
At 74 Ma, Liu’s model suggests that there was roughly 650 feet of immediate subsidence 
associated with the Farallon slab. 
2.2.2 Fracture Networks 
Previous Work 
 During the 1950s and 1960s, different groups began to study fractures and more 
specifically jointing in the Piceance Basin. Some groups worked to establish the relationship of 
fractures with local structures (Kelley and Clinton, 1960; Hodgson, 1961). A handful of 
researchers examined the extensive jointing from aerial photography (Hough, 1960; Brown, 
1961; Boyer and McQueen, 1964). Towards the end of the 1960s researchers began to try and 
connect theoretical stress regimes to the fracture network orientations (Friedman, 1964; Wise 
1964). The well recognized work of Murray (1967), examined jointing along the Grand Hogback 
monocline, and attempted to determine the relative age of the fractures and the monoclonal 
folding. Murray concluded that the fractures must have formed as a result of the folding of the 
Grans Hogback monocline, referring to the fractures as adjustment surfaces associated with the 
Hogback deformation. Later, Dula (1981) took a new approach to studying the fractures, relating 
them to regional stress when he examined deformation lamellae, as well as microfractures near 
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the Grand Hogback monocline. He concluded, that macrofractures were sub parallel to the 
deformation lamellae, and that the maximum paleostress during the formation of the fracture 
networks must have been aligned northwest, more specifically N70˚W or 290˚.  
 During the 1980s and 1990s fracture related Piceance Basin work was sourced primarily 
from two groups. Marilyn Grout and Earl Verbeek of the USGS commonly worked with 
fractures in the Piceance Basin focusing on Cretaceous and younger sediments (Verbeek and 
Grout, 1983; Verbeek and Grout, 1984; Grout and Verbeek, 1985; Grout 1988; Grout and 
Verbeek 1992). These studies define a commonly used nomenclature for the fracture sets further 
described in the following section. The two researchers released multiple studies that attempt to 
apply relative ages and summarize set orientations at multiple locations including, Divide Creek 
and Wolf Creek anticlines (1988, 1992), Piceance Creek (1985), the Grand Hogback (1983), and 
the MWX site cores (1984).  
 The second prevalent group of researchers during the 1980s and 1990s was comprised of 
Sandia National Laboratories’ John Lorenz, Sharon Finley, with contributions from C. Garrett 
(Lorenz et al., 1986; Finley and Lorenz, 1989; Lorenz and Finley, 1989; Garret and Lorenz, 
1990; Lorenz and Finley, 1992). Lorenz and Finley focused along much of the Hogback, but 
worked on the fractures systems across the entire Basin. They also placed special emphasis on 
the MWX cores in an attempt to better define subsurface fracture systems (Finley and Lorenz, 
1989). They too developed a fracture set nomenclature that is further described below. Lorenz 
and Finley also seemed to focus more on the petroleum exploitation of fractures in the Piceance 
Basin compared to other researchers at the time. Many of the listed works directly apply fracture 
characteristics to permeability based off of anisotropy (Lorenz and Finley, 1992). 
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 After the 1980s and 1990s, fracture related work trended towards further examination of 
fractures as migration pathways for gas exploration in the Piceance Basin. This meant that for the 
most part, researchers started recycling the Lorenz, Finley, Garrett, Grout, and Verbeek outcrop 
data and going into further detail on rock mechanics, mineralogy, and basin stress anisotropy. 
Lorenz began to compare his older findings with that of the related Rocky Mountain 
intermontane basins (Lorenz, 2003). He found that fracture networks had similar orientations and 
characteristics, potentially relating regional fractures of multiple basins to singular North 
American strain events. 2003 saw the release of not only an extensive Piceance Basin geologic 
analysis with focus on the petroleum systems (USGS, 2003; Johnson and Roberts, 2003; Nuccio 
and Roberts, 2003; Roberts 2003), but also of an RMAG guidebook that has multiple chapters 
dedicated to fracture history, development, cementation, and spacing (Peterson, 2003). Yurewicz 
and others (2008) and Cumella and Scheevel (2008) went into detailed examination of gas 
migration through fractures based off of the rock mechanics in different portions of the Mesa 
Verde. Interestingly, some of these researchers also have released reports detailing stratigraphy 
and analyzing sedimentology in the Mesa Verde, indicating a high level of understanding for 
describing the variations in the Mesa Verde depositional environments (Cole and Cumella, 2003; 
Cumella and Ostby, 2003). 
 
Nomenclature and Descriptions 
 As previously mentioned, there are multiple studies that have developed nomenclature for 
identifying and referring to the fracture sets described in the remainder of this study. Table 2.1 
shows a summary table that explains the naming mechanism used for this report, as well as the 
relationship with the naming systems of previous works.  
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 Verbeek and Grout (1983) developed a system for assigning relative age to the fracture 
sets. F1 (oldest) through F5 (youngest) were used to refer to fracture forming periods. Separate 
sets derived from each period were labeled F1A, F1B and so on. Verbeek and Grout arbitrarily 
determined that subset C would be extension fractures unless otherwise noted. While the F sets 
were mainly used to describe Wasatch and younger rocks, they were applied to the Mesa Verde 
Group before the development of the MV sets in 1992 (Grout and Verbeek, 1992). Much like the 
F sets, the MV sets were broken down into sets MV1 and MV2, where MV1 is the older of the 
two sets. In addition post dating the MV sets but pre-dating the F sets are fold parallel sets. These 
are fractures induced by the deformation associated with the folding of the Grand Hogback or 
other local structures across the Piceance Basin. Complications arise when regional sets are 
parallel to the orientation of fold parallel sets. 
 Garrett and Lorenz (1990) slightly modify the nomenclature for the fracture periods and 
sets. The two oldest sets of fractures, predating the Grand Hogback monocline and other 
Laramide structures are called HB-1 and HB-1A, where HB-1 is the older of the two. Much like 
Verbeek and Grout, Garrett and Lorenz note fractures that formed in association with localized 
structures. However, Garrett and Lorenz specifically call these sets VC, HC, and relaxation. VC 
stands for vertical curvature, these are fractures formed from folding about a horizontal axis. HC 
stands for horizontal curvature, and refers to fractures formed by folding around the vertical axis. 
Relaxation fractures are formed from stress release during periods of erosion. Garrett and Lorenz 
focus on the Mesa Verde, and therefore named younger Wasatch fractures, Verbeek and Grout’s 
F sets, as shear fractures in Wasatch.   
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2.2.3 Stratigraphy of the Mesa Verde Group 
 The Mesa Verde Group is comprised of the Iles Formation, and the younger Williams 
Fork Formation (Figure 1.2). In general, these formations are representative of a regressive 
sequence with marine shorelines in the Iles Formation and coastal to fluvial sediments in the 
Williams Fork Formation (Figure 2.1). Many of these sediments were sourced from the Sevier 
Orogenic Belt to the west (Cole and Cumella, 2003; Pranter et al., 2008). Variability in thickness 
is the result of greater accommodation along the eastern side of the Piceance Basin, which 
coincides with the deeper portions of the Western Interior Seaway. 
 
Iles Formation 
 From roughly 135 to 65 million years ago, there was a shallow Interior Seaway present 
between the present day Rocky Mountains and the eastern plains. During the Cretaceous, the 
Mancos Shale was deposited in this seaway. Three major regressive sands representative of the 
Iles Formation prograded eastward, and were followed by deposition of the Williams Fork 
sediments. These regressive sands are from oldest to youngest, the Corcoran, the Cozzette, and 
the Rollins (Pranter et al., 2008) (Figure 1.2). These sands and the surrounding tongues of 
Mancos shale make up the Iles Formation (Cumella and Ostby, 2003). The regressive sands tend 
to be thicker in the southeast of the Piceance Basin, where in general the sands show a northeast 
by southwest trending regression limit (Johnson, 1989; Cumella and Ostby, 2003) (Figure 2.7).  
 
Williams Fork Formation 
 The Williams Fork Formation is informally broken up into the lower, middle, and upper 
members. Williams Fork sediments range from 5,000 ft. thick along the Grand Hogback to 1,200 
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ft. on Douglas Creek arch along the Colorado-Utah boarder (Hettinger and Kirschbaum, 2002). 
The formation as a whole is representative of a regressive sequence, with sediments ranging 
from paludal swampy coals to a meandering fluvial environment (Johnson, 1989; Cumella and 
Ostby, 2003; Pranter et al., 2008).  
 
Lower Member 
 The lower member of the Williams Fork is comprised of lower coastal plain to paludal 
sediments (Cumella and Ostby, 2003). The lower coastal plain is the source for the Piceance 
Basin’s natural gas generating coal zones, most notably the Cameo Coal, which is located at the 
base of the lower member (Johnson, 1989) (Figure 1.2). The water table is thought to have fallen 
over time (Cumella and Ostby, 2003). This in turn caused the humic swampy lowlands to evolve 
into a low coastal fluvial environment. Marine influence is still noticeable in this transitional 
period as siderite nodules suggesting brackish conditions at times (Lorenz, 1982).  
 
Middle Member 
 The continued transition from the lower member to the middle member is characterized 
by the continued evolution towards a purer fluvial environment. The middle member is roughly 
2,500 ft. thick at Rifle Gap as measured by Lorenz (1982). The middle member of the Williams 
Fork is made up of a combination of fluvial channel deposits ranging from extensive meandering 
channels that can occur as multistory channels, to singular isolated channel belts (Lorenz, 1982; 
Prater et al., 2008). The dominantly isolated channels are isolated within a series of overbank and 
finer mudrock intervals. For this reason, the middle member is considered sand poor (Finely and 
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Lorenz, 1989; Cole and Cumella, 2003). While not as swampy as the lower member, overbank 
sedimentary structures suggest the presence of a relatively high water table (Lorenz, 1982).  
 
Upper Member 
 Before the final regression of the Western Interior Seaway, a transgression raised the 
epeiric sea such that the upper member of the Williams Fork Formation is characterized by a 
sandy fluvial to marginal marine shoreline (Lorenz, 1982). It is thought that there may have been 
some marine shales associated with this transgression at the uppermost portions of the Williams 
Fork Formation, but that they have been subsequently eroded during the following periods of 
uplift and erosion (Lorenz, 1982). Therefore the most recent sands exposed along the Hogback, 
and in the MWX core are examples of fluvial to paralic and estuary environments (Finley and 
Lorenz, 1989). Core descriptions often mention crossbedded sandstones, and fairly thick and 
continuous sand bodies (Finley and Lorenz, 1989). For this reason, the upper member of the 
Williams Fork is considered sand rich (Finley and Lorenz, 1989; Cole and Cumella, 2003). 
 
Younger Strata 
 The Mesa Verde is in places overlain unconformably by the Ohio Creek Conglomerate. 
This rock unit is comprised of chert nodules and kaolinitic sediments (Johnson and May, 1980). 
The conglomerate is generally found in the southwest of the Piceance Basin, and therefore was 
not within the selected field area of this study.  
Above the Ohio Creek, or resting on the Mesa Verde Group where the Ohio Creek is not 
present is the Tertiary aged Wasatch Formation, which is unconformable on both of the possible 
lower rock units (Johnson and May, 1980). The Wasatch Formation is comprised of non-marine 
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shales, and thin discontinuous sandstone bodies thought to have been deposited on relatively flat 
alluvial plains constrained by surrounding Laramide structures (Yurewicz et al., 2008).  
2.3 Petroleum System 
 The Piceance basin contains multiple petroleum systems, but this study focuses on the 
Mesa Verde Petroleum System, the lateral extents of which can be seen in Figure 1.1. The Mesa 
Verde System is comprised of a source interval of primarily coals. The thickest, and largest 
contributor of gas to the system is called the Cameo Coal Zone (Figure 1.2). After reaching a 
maximum burial depth around 40 Ma. the coals began to generate natural gas. Natural gas 
migrated into the system’s reservoir intervals aided in part by open fractures (DOE, 2007) 
(Figure 2.2). These reservoirs are primarily located in the middle and upper Williams Fork 
Formations, comprised of stacked fluvial channels and marginal marine sands (DOE, 2007; 
Pranter et al., 2008). A combination of stratigraphic trapping, and high hydrostatic pressure 
enables the gas to accumulate in economic quantities in these reservoirs (USGS, 2002; Hood and 
Yurewicz, 2008) (Figure 2.8). 
 The asymmetric shape of the Piceance Basin means that the buried source rocks have 
reached quite variable depths over time. This in turn means that the level of maturation in the 
source rocks is greater in the Piceance Basin center and decreases towards the shallower portions 
of the Piceance Basin (Johnson and Roberts, 2003) (Figure 2.9). For this reason, as defined by 
Johnson and Roberts (2003), there exists a continuous gas assessment and a traditional gas 
assessment zone, where the traditional zone requires gas to migrate laterally into reservoirs 
(Cook, 2003). These two zones are defined by the lateral extent of vitrinite reflectance (Ro) 
values. The continuous zone is defined as Ro values of >1.35 to 1.1, and the traditional zone is 
defined as Ro of 1.1 to 0.75 (Johnson and Roberts, 2003).  With the exception of the maturity of 
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the source rock, these two zones have the same components of a petroleum system, and will 
therefore be described together in the following sections.  
2.3.1 Source Rock 
 The Mesa Verde Petroleum System is a basin-centered gas play. In order to develop an 
economically viable basin-centered gas accumulation, one of the driving factors is a thermally 
mature and abundant source rock. Within the Mesa Verde Petroleum System, there is input from 
multiple sources, the older Mancos marine shales, the lower Williams Fork coals, and the lower 
Williams Fork nonmarine shales (Hood and Yurewicz, 2008). Zhang et al., (2008) ran sealed 
gold tube pyrolysis on sampled coals that resulted in maturation pathways indicative of a type III 
kerogen’s transformation from diagenesis to catagenesis to metagenesis on a Van Krevelen 
diagram (Figure 2.10). These artificially measured results seem to match strongly with naturally 
measured H/C and O/C atomic ratios (Zhang et al., 2008). Therefore, of the three source rocks, 
the greatest contribution seems to be from the coals, most notably the Cameo Coal (Yurewicz et 
al., 2008).  
 The Cameo Coal is Campanian in age estimated to be between 73.5 and 73 Ma. 
(Peterson, 2003). The Cameo Coal zone was deposited as the regression of the Western Interior 
Seaway resulted in the progradation of deltaic and lower coastal plain environments eastward 
over older marine sediments. These organic-rich swampy zones accumulated in such mass, that 
after burial and compaction, the average thickness of the net coal zones is 20 to 80 ft. (Johnson 
and Roberts, 2003) (Figure 2.11). Along the eastern margin of the Piceance Basin, which 
coincides with the deepest portions of the Piceance Basin, net coal thickness can commonly be in 
excess of 80 ft. and can reach 180 ft. (Johnson and Roberts, 2003). While there is an extremely 
wide range of accepted coal compaction ratios, Johnson (1984) provided a widely accepted ratio 
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of 10:1, which would mean that in places there was originally 1,800 ft. of net peat deposition in 
the Piceance Basin. Given the highly asymmetrical shape to the Piceance Basin, there is a wide 
variability in the depth of the buried source rock coals. At the MWX site, source coals were 
around 7,000 to 7,500 ft. deep (Finley and Lorenz, 1989). Therefore, there is an associated 
variability in vitrinite reflectance values across the Piceance Basin (Figure 2.9). Coals located 
along the eastern, deeper portions of the Piceance Basin have Ro values greater than 1.35%. Ro 
values fall moving westward into the shallower portions of the Piceance Basin, at some point 
crossing a line of Ro values less than 0.75%, the percentage considered to be the point of onset 
gas generation (Johnson and Roberts, 2003).  
2.3.2 Reservoir Rock 
 Within the limits of this study, both the middle and upper Williams Fork Formation can 
be considered reservoir rocks. Major productive fields studied by Pranter et al. (2008) showed 
there is often 2,500 ft. of gas saturated Williams Fork reservoirs (Figure 2.8). However, major 
fields tend to focus on the fluvial systems found primarily in the middle Williams Fork 
Formation (Cole and Cumella, 2003). Here fluvial channels tend to be stratigraphically isolated 
from one another by finer grained material, impeding lateral and vertical migration. These 
channels show little connectivity and communication between individual reservoirs (Pranter et 
al., 2008; Hoffman et al., 2011). Channel dimensions measured by Cole and Cumella (2003) 
reported widths of 40 to 2791 ft. averaging around 528 ft. The same study reported channel 
thickness as ranging from 0.5 to 27 ft. averaging 9.3 ft. While these channels are relatively 
discontinuous reservoirs, the total thickness of the stacked reservoirs, and lateral extent of the 
systems makes the middle Williams Fork a significant reservoir interval.  
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Due to the isolated nature of the reservoirs, there has been significant decline in acre 
spacing over the life of major fields. Drillers began at 640 acre spacing, and by 1979 they had 
dropped to 320 acre spacing. A series of these halving events occurred again in 1996, 2000, and 
2001 such that 10 acre spacing is now a regularity (Green, 2006). Incredibly, a study preformed 
by Pranter et al. (2009) suggested that in their simulated reservoirs based off of field work at 
Coal Canyon, at 20 acre spacing only 38% of the reservoirs where intersected (Figure 2.12). At 
10 acre spacing, only 49% of the reservoirs were intersected. Furthermore, Pranter and his team 
elaborate that at 10 acre spacing, there was very little overlap of wells intersecting the same 
reservoirs. 
Studies on the MWX core preformed by Soeder and Randolph in 1987 found a range of 
porosities and permeabilities broken down by depositional environments (Figure 1.3). Overall, 
the Williams Fork Formation has a porosity range of 2 to 12%, and a permeability of 0.0002 to 1 
mD (Soeder and Randolph, 1987; Peterson, 2003). 
Upper Williams Fork reservoir rocks at Mamm Creek field showed porosity around 9% 
(Ozhan et al., 2011). Most of the pore space was categorized as primary intergranular, secondary 
intragranular, with rare occurrences of fracture pore space (Ozhan et al., 2011). Cements in this 
study were primarily found to be quartz, calcite, and illite-smectite. Ozhan’s study concluded 
that grain rimming clays were essential in the prevention of quartz occluding cementation. 
Additional studies related to cementation found that the cementation factor of each major 
depositional environment in the MWX cores, paludal, coastal, and fluvial, showed very little 
variation from one another (Satter, 1989). 
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2.3.3 Trapping Mechanism and Seals 
 Regionally, the Mesa Verde Petroleum System is sealed below by thick Mancos marine 
shales (Hood and Yurewicz, 2008). The system is sealed ineffectively above by a zone of finer 
grain sized sands and interbedded shales in the Wasatch Formation, as well as lacustrine shales 
in the Green River Formation (Johnson and Roberts, 2003; Hood and Yurewicz, 2008). The 
upper seal is considered ineffective, because traces of Cameo Coal derived gas are commonly 
found in reservoirs of the Wasatch Formation. Within the middle and upper Williams Fork there 
is conventional trapping, sedimentary traps form as fluvial sand bodies are isolated in the much 
finer grained matrix sediments. Additionally, there is some hydrostatic influence that impedes 
the upward migration of hydrocarbons in the system (DOE, 2007) (Figure 2.8). 
 In general the exploitation of structurally related or more conventional traps is limited, 
however work by Grout, Verbeek, and fellow researchers (1991, 1992) focus on properties 
associated with some of the few structures in the center of the Piceance Basin. These minor 
anticlines are associated with strong production, indicating that while not considered the driving 
factor behind petroleum exploration, minor structures can result in the exploitation of sweet spots 
(Hood and Yurewicz, 2008). 
Major hydrocarbon development instead is focused around the exploitation of coarser 
grained sands in a finer grained matrix. Reservoir rocks are commonly channel sands, 
surrounded by finer grained zones of overbank deposits, mud plains, and other permeability 
baffles and barriers (Lorenz, 1982). While there is hydrocarbon present in much of the Williams 
Fork Formation, and not just in the isolated channels, these subtle variations in sedimentology do 
affect the level of reservoir saturation, and total volume of gas drained from a well bore 
(Johnson, 1989; Hood and Yurewicz, 2008).  
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The driving mechanisms behind basin-centered gas accumulation trapping are a topic of 
current research. Within the Piceance Basin, in addition to the sediment style trapping 
mechanism, is the contribution of water block style trapping (Figure 2.8). Around 40 Ma. the 
Piceance Basin reached  maximum burial, and with the exception of relatively recent and 
relatively minor uplift and erosion, the Piceance basin has been intact sense 40 Ma (DOE, 2007) 
(Figure 2.2). This meant that over a long period, meteoric water has been seeping down into the 
tight sand reservoirs aiding in the impedance of vertical and lateral gas migration (Levorsen, 
1967; DOE, 2007). The extent of trapping from water related pressures is poorly understood, but 
almost certainly has some role in the impedance of gas migration in the tight rock reservoirs.  
2.3.4 Timing 
 Having the ingredients of a petroleum system is only part of the rarity in forming a 
productive and economically viable system. The order in which the source rock, reservoir rocks, 
and acting seals are deposited as well as the timing of hydrocarbon generation is essential. 
Depending on the study, and the methodology used for assigning dates to certain parts of the 
Mesa Verde Group, there is a range of values to the important aspects of the system. However, in 
a very general sense, the timing of critical events is such that the system supports the 
accumulation of hydrocarbon. Johnson and Roberts (2003) have created a petroleum system 
events chart that aids in the organization of depositional events, and gas production history 
(Figure 2.13). Summarizing these events, at roughly 73.5 Ma. the swampy source rock coals 
were deposited (Peterson, 2003). Mesa Verde Group reservoir rocks are deposited uninterrupted 
until around 66.5 Ma (Peterson, 2003). Stratigraphic traps would have been formed immediately 
after deposition, hydrostatic pressure began to build up around 45 Ma. (Johnson and Roberts, 
2003), or younger than 40 Ma. (DOE, 2007). Peak gas generation is considered to occur 
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simultaneously to maximum burial depth. This means that peak gas generation would have 
occurred between 47 and 10 Ma. with the majority of the peak generation towards the earlier 
parts of that range (Peterson, 2003; Johnson and Roberts, 2003). These events are arranged such 
that a source rock was in place when a reservoir was deposited. Traps and seals were formed 
immediately, and generation peaked once the system was already aligned to favor accumulation 
of hydrocarbons.  
 
 
Figure 2.1. This modified Blakey map represents a possible paleo geography roughly 75 Ma. 
This corresponds with the early periods of Mesa Verde deposition. Given the Western Interior 
Seaway’s regression, the Iles and Williams Fork Formations would prograde east and southeast 
across western Colorado (Cumella and Ostby, 2003).  
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Figure 2.2. This representative burial chart suggests that maximum burial was around 38 Ma, and 







Figure 2.3. An east to west cross section showing the asymmetry of the Piceance Basin, shown in 
map view in figure 1.1. The eastern side of the Piceance Basin is characterized but near vertically 
dipping beds deformed by the Grand Hogback thrust fault. The western side of the Piceance 


















Figure 2.4. This seismic line across the Grand Hogback just north of Rifle Gap shows depth in 
seconds TWTT. The top image shows the interpreted horizons, while the bottom image fills in 
the horizons for a more simplistic cartoon view of the cross section. Notice the series of thick-
skinned thrust faults that form the Grand Hogback Monocline. In other areas, faulting can occur 
























Figure 2.5. The interpreted seismic line across the minor Divide Creek anticline structure shows 
the combination of thick-skinned and thin-skin thrust faulting associated with the southeastern 
portion of the Piceance Basin. Notice that the thin-skin decollement layer appears to be the Eagle 












Figure 2.6. A-D are a series of plots from Nevada to eastern Colorado (point 7 being the 
Piceance Basin) showing the immediate subsidence (blue area), cumulative subsidence (black 
curve), and the predicted cumulative subsidence based off of formulas form Liu and others 
(2008). Point 7 (red line) aligns the Piceance Basin measured point with the peak of the 
associated subducting Farallon Plate Therefore the theoretical period of maximum dynamic 
subsidence in the Piceance Basin is some time between 84 and 80 Ma. E: The modeled tracking 
of the Farallon slab is shown tracking eastward across the western United Sates (Modified from 











Table 2.1. Fracture networks 1 and 2 are considered the equivalent of Verbeek and Grout’s 
(1992) MV1 and MV2 fractures, and Garret and Lorenz’s (1990) HB-1 and HB-1A fractures. 
The orientations from this study as well as previous studies are shown for comparison. It is 
important to note that neither previous works measured fractures in the western Piceance area 
and therefore the Regional nature of the networks is inferred by age relationships and regional 
orientation of strain related to the formation of fractures. The structurally related networks again 
are this study’s equivalent of the fold parallel and VC, HC, and relaxation fractures of Verbeek 
and Grout (1992) and Garret and Lorenz (1990) respectively. This network is grouped purely by 
formation style and timing relative to the more regional networks.  
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Figure 2.7. The two southeastern red lines represent the regressive limits of the Corcoran and 
Cozzette members of the Iles Formation. The brown outlines are the location of Mesa Verde 




Figure 2.8. The Piceance Basin wide cross section shows the relationship between coal derived 
gas expulsion and an influx of meteoric water during the last 40 million years. The red area is 
representative of the continuous gas saturation zone, while the blue area is the transitional, or 
traditional gas zone, as there are still localized pockets of gas in reservoir rocks. Notice that some 
of the Mesa Verde gas migrates through the younger formations and is trapped in both Wasatch 




Figure 2.9. The Ro values decrease as the source rock interval is less mature in the shallower 
outer edges and western portions of the Piceance Basin. The dashed line is the separation from 
Ro values ranging from >1.35 to 1.1% and 1.1 to <.65%. According to Johnson and Roberts 
(2003), onset of thermogenic gas occurs at Ro of .75% and coals begin to expel gas at 1.1% 
(Modified from Johnson and Roberts, 2003).  
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Figure 2.10. Pyrolysis of the Cameo Coal shows changes in H/C and O/C ratios supporting a 




Figure 2.11. This map shows the net coal thickness in the Cameo-Fairfield coal group, Williams 
Fork Formation. Coal thickness is often greatest along the eastern boundary of the Mesa Verde 
Petroleum System, but can be locally thick in the Piceance Basin center too (Johnson and 












Figure 2.12. Five modeled meandering fluvial channels stacked on one another at 20 acre 
spacing. Observing the amount of purple (undrained reservoirs) demonstrates why the industry 












Figure 2.13. An events chart shows the major proceedings in development of the Mesa Verde 
Petroleum System. Source rock intervals were laid down before reservoir sediments. Traps began 
to develop instantaneously, and continued through the maximum burial period around 40 Ma. 
The critical moment occurred around 40 Ma, as gas generation began as the reservoir rocks, 
traps, and seals were all already in place (Johnson and Roberts, 2003).  
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CHAPTER 3 METHODOLOGY 
3.1 Field Component 
 Fracture data were collected over a six month period ranging from March 2012 to August 
2012. However, data were collected in three major trips, closely associated with the three major 
areas defined within the Mesa Verde outcrops of the Piceance Basin. These three areas are the 
northern Grand Hogback, the southern Grand Hogback, and the western Piceance Basin (Figure 
3.1). The two Hogback areas are considered high strain areas, based on the extreme change in 
bedding dips over a short distance, while the western Piceance area is considered a moderate 
strain zone, based on the somewhat rapid change in bedding dips over a short distance (Figure 
3.2). Along the Grand Hogback areas, sites tend to expose all of the upper and middle Williams 
Fork, but in the western Piceance area, sites tend to range from the lower Williams Fork to parts 
of the middle Williams Fork. It is worth mentioning that at many of the locations, especially 
along the Grand Hogback sites, scanlines and circles, were measured as close to if not 
overlapping with the logged sections analyzed by masters student Michele Wiechman (CSM 
Grad MS). In this way, detailed stratigraphy and fracture data can be applied to one another’s 
work. 
 At each location, this study attempted to record at least three scanlines, and if bedding 
planes were favorably exposed, this study also examined fracture populations within measured 
circles. These two types of recording method are further explained in the following sections. 
Also, this study attempted to incorporate previous fracture measurements of the MWX core 
recorded by Finley and Lorenz (1989). The data displayed associated with the core are also 
further explained in the following sections.  
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3.1.1 Scanlines 
 Scanlines are the most dominant method of recorded fracture data for this project. A 
scanline involves the examination and recording of individual fracture characteristics as the 
fracture intersects a 50 to 200 ft. long line running across a single bedding plane outcrop (Figure 
3.3). In this way, one can measure the spacing of a fracture system along the outcrop as well as 
record other important variables of each individual fracture. Before a scanline is recorded at an 
outcrop, it is imperative to measure the orientation of the outcrop bedding, as well as record a 
description of the lithology. In this way, one can later assign the scanline data to a depositional 
environment type, a strain environment, and return bedding to original horizontality for 
examination of prefold orientation of fractures. The methods for returning bedding to original 
horizontality are discussed in the upcoming sections.  
 Typical measurements recorded along the scanline at each fracture include but are not 
limited to, scanline location, orientation, height of fracture, fracture type (open, closed, filled), 
cement type when applicable, characteristics (en echelon, horsetails, etc.), and if the fracture is 
part of a fracture swarm.  
 There were 3 areas where scanlines were measured (Figure 3.1). In the first of these 
areas, the northern Grand Hogback, there were two measured sites, Meeker and Rifle Gap 
(Rifle). At Meeker there are 8 recorded scanlines. At the Rifle site, there are 7 recorded 
scanlines. This means there are a total of 15 scanlines in the northern Grand Hogback.  
 In the southern Grand Hogback there are 3 sites, Forest Road 304 (Fr 304), Sunlight Ski 
Resort (Sunlight), and McClure Pass (McClure). At Fr 304 there are 3 recorded scanlines. At 
Sunlight there are again 3 recorded scanlines. At McClure there are 7 recorded scanlines. This 
totals to 13 scanlines in the southern Grand Hogback. It should be noted that the McClure site is 
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a road cut pass that has been blasted in order to provide a clear roadway. The author made and 
extensive effort to measure areas off of the road, and nowhere near areas where dynamite blasts 
were clearly creating radial fractures patterns. Generally fractures terminated less then 15 feet 
from the blast center, thus not effecting data recorded hundreds of feet away (Figure 3.4).   
 In the western Piceance area there were 5 measured sites, Baxter Pass (Baxter), Coal 
Gulch (Coal), County Road 116 (CO 116), Cottonwood Canyon (Cottonwood), and Hay Canyon. 
There were 4 recorded scanlines at Baxter. Coal Gulch has 3 recorded scanlines. CO 116 has 4 
recorded scanlines. Cottonwood also has 4 recorded scanlines. Hay Canyon has 3 recorded 
scanlines. This sums to 18 scanlines in the western Piceance area. Many of the scanlines 
associated with the western Piceance area are located in faulted zones in order to form 
conclusions about the effects of regional faulting on fracture spacing and orientation. 
One of the limitations while recording scanline data is the availability of exposed bedding 
planes. In order to record a scanline and measure the fracture height the outcrop must be a cross 
sectional view of a bedding plane and the researcher must be able to stand safely while recording 
data (Figure 3.5). This means that in sites like Rifle Gap (which have bedding dips commonly 
exceeding 80˚ forming large fin-like cliffs), data could only be recorded in areas safe enough for 
an individual to walk along (Figure 3.6). Alternatively, fracture data could be recorded along the 
map view of a bedding plane, but then it was commonly impossible to accurately measure 
fracture height. Finally, walking along any single exposed bedding plane outcrop introduces data 
bias, as fractures parallel to the measured outcrop surface are under-represented. In order to deal 
with this bias there was an attempt to align scanlines along multiple exposed cross sectional 
portions of outcrops. 
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3.1.2 Fracture Circles 
 A fracture circle is a method used to quantify fracture density, size, and intensity. This 
method is commonly used in this study, when bedding dip is at high angles along the Grand 
Hogback monocline such that the map view of a bedding plane is exposed (Figure 3.5). The sides 
of the fin cliffs described earlier at Rifle Gap are ideal for fracture circle measurements (Figure 
3.6). The method involves drawing a circle randomly on an exposed outcrop that had a radius 
larger then the mean block size of the fractures, where a block size is the unfractured area 
bounded by two fracture sets (Rorhbaugh et al., 2002) (Figure 3.7). After drawing the circle, 
fracture variables can be calculated by applying the number of intersections of fractures with the 
radius (r) of the circle (n), and the number of fracture terminations inside of the circle (m).  
 There are 18 circles measured at Meeker, and another 8 measured at Rifle. This totals to 
26 circles measured in the northern Grand Hogback, where bedding is most favorable for this 
type of analysis. There are an additional 2 circles that have been analyzed at Sunlight, in the 
southern Grand Hogback.  
 Due to the low angled bedding in the western Piceance area, there were no recorded 
circles. This begins to show some of the limitations of the circle method, as there is not always 
an outcrop with the exposed plane needed to create and record a circle. A more important 
limitation applied to the results of the fracture circles in this study lies in the under representation 
of small-scale fractures. The block size at many of the outcrops was so large, that circle radii had 
to be quite large, commonly in excess of 6 feet. This created an issue, as the author could not 
measure the fractures that were in the upper half of the circle given that they were out of reach. 
To deal with this issue, this study utilized digitally created circles from photographs and 
measured m and n at a workstation. This provided results in areas that would have otherwise 
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been unstudied, but certainly comes with a set of resolution issues. Due to the digital nature of 
the circles, fracture orientation planes could not be measured within the circle. Also, because of 
the large size of the circles, it is impossible for the resolution of the camera to accurately display 
small-scale fractures. However, the resolution of the circles is still orders of magnitude greater 
than that of seismic, an interesting thought that is further examined in the discussion portion of 
this report.  
3.1.3 Core Fractures 
MWX core data were acquired from Finely and Lorenz (1989). This paper provided 
analysis of fracture orientation, cement type, lithology, and other lesser used variables for 
fractures at measured depths in the 3 MWX cores (Figure 3.1). This information was applied to 
this report as a low strain environment example, additional core data in the Piceance Basin 
extremely limited. While the author did examine the core independently, the orientation data 
from the 1989 report were used. The assignment of depositional environments to sections of the 
core, and the corresponding fracture descriptions was a collaborative effort with Michele 
Wiechman (Wiechman, 2013).  
Unfortunately, these vertical cores travel through horizontal bedding, and therefore do 
not travel along a single bedding plane making scanline analysis and therefore spacing an 
impossibility in the low strain environment. Also due to the small core radius, and the large 
block size, the author was unable to use crosscut pieces of the core as circles for fracture 
analysis. Instead, the only data that can be presented in association with the cores are fracture 
orientations, which can be broken up into individual cores, depositional environments, and 
relating sets (Appendix).  
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3.2 Workstation Component 
 The following sections explain how the fracture data were organized, and arranged for 
easy manipulation and display. While the data were gathered in the field, analysis took place 
primarily in a workstation setting. The following sections also touch on what can be found in the 
attached CD (Appendix). 
3.2.1 Mapping 
 While collecting the data at each scanline, the author made sure to collect GPS data for 
the location of the line. These locations have been added to a Global Mapper project for the 
accurate use in further studies associated with the RPSEA grant (Geographics, 2013) (Figure 
3.1). The Global Mapper project also contains DEM overlays, structure contour maps, and 
stratigraphic maps. Therefore the location and influence of surface faults and basin structures can 
be identified.  
3.2.2 Spacing Tables 
 Using the collected scanline data, the author was able to determine the spacing from one 
fracture to the next. Furthermore, the author was able to determine the spacing of a fracture to 
the next fracture in the associated set, or from a swarm to the next swarm. Using these types of 
measurements, the author created average spacing tables of each fracture set, site, area, as well as 
the spacing of certain depositional environments or strain zones. These tables of average spacing 
are examined in following sections.  
3.2.3 Stereonets and Rose Diagrams 
 Stereonets were used primarily for the identification and isolation of fracture sets from 
bulk scanline data. Once individual sets were identified, the original data files were broken down 
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into the identified sets. By examining the average orientation of the individual sets, the author 
was able to combine like sets in an area and identify regional set trends.  
 Rose diagrams were created using Stereonet version 7.3.6 (Allmendinger et al., 2012). 
This program was essential in creating accurate summary diagrams of the orientation of sets, 
scanlines, locations, and areas.  
3.2.4 Bedding Rotation 
 Displaying the orientation of fractures as measured at outcrop certainly has flaws when 
discussing their formation associated with interpreted paleo regional stress regimes. However, 
rotating the bedding back to original horizontality and rotating the fracture planes the same 
degree also contains inaccuracies and shortcomings. Some similar previous work presents 
fracture data in an unfolded orientation (Garrett and Lorenz, 1990). This may accurately show 
the orientation of pre-fold fractures, however, structurally derived fractures are not necessarily 
formed at the first moment of folding, and may be syn-deformational. This means that 
completely unfolding bedding does not accurately display structurally derived fractures. Also, 
leaving the orientation of the fractures as measured simplifies the continuation of work 
associated with additional future RPSEA projects, as it allows for future researchers to identify 
the fractures discussed in this report in a more timely matter.  
 For these reasons the author chose to leave bedding in its present day orientation, and the 
contained fractures as measured. However, in order to be able to compare this reports findings 
with the previous reports that chose to unfold bedding, it was necessary to unfold the area sets 
and find out the unfolded orientations of the grouped sets. These unfolded orientations were done 
by hand using stereonets, and were unfolded by a representative orientation of measured bedding 
from the scanline locations (Table 2.1). A more complete description of the methods used to 
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unfold the bedding and associated fractures can be found in Rowland et al. (2007). It should be 
noted that the pre-fold orientation information is a generalization for each area’s sets and not 




Figure 3.1. The GPS coordinates of each measured site location is layered onto a present day 
elevation map that also shows the outline of the Piceance Basin. Sites are lacking in the 
southwest of the Piceance Basin, due to limitations of avaiable middle and upper Williams Fork 
Formation outcrops. The three boxes are the three major areas of study. (Modified from Johnson 
and Roberts, 2003).   
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Figure 3.2. Structure contour map of the Piceance Basin, base Williams Fork Formation with 
strain polygons. The green outline represents the outer border of the Uinta-Piceance Basins. The 
blue lines are structure contour lines representative of the base of the Williams Fork Formation. 
This could be considered the base of the Williams Fork Formation. The red polygons are 
indicative of high strain zones. The yellow polygons are zones of moderate strain. Any area 
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Figure 3.3. Photograph of scanline 4 at Meeker. The tape measure runs along the base of the 




Figure 3.4. Photograph of a dynamite blast along the road at McClure pass. These obvious radial 
fracture networks were rare, but easily visible when they occurred. The author took extreme 
measures to avoid any outcrops near these artificial fracture networks.  
 
12 Inches 
     
       
 48 
 
Figure 3.5. Fracture circles are measured along the map view of a bedding plane. Scanlines are 






Figure 3.6. Photograph of Rifle field conditions. On the left and right of the photograph, bedding 
juts out of the ground at near vertical dips. These challenging slopes create difficult 




Figure 3.7. Edited photograph of fracture circle 9 at Meeker. The red circles are the terminations 
of fractures within the radius of the circle (m). The yellow circles are the intersections of 
fractures with the radius of the circle (n). The radius (r) in this case was 2.5 feet. The white box 
in the top corner lists the density (p), size (u), and intensity (I) of the fractures. The calculations 
for these variables are shown below (Rorhbaugh et al., 2002).  
 
Density: The number of fractures per unit area                                              p = m/2πr2  
 
Size: Mean fracture trace length                                                                     u = (πr/2)(n/m) 
 





CHAPTER 4 RESULTS 
4.1 Fracture Spacing 
 Fracture spacing as defined in this study, is the average distance between individual 
fractures along a measured scanline. The following sections will present tables of fracture 
spacing broken down by strain environment, site locations, and depositional environments. 
Spacing is an important component to gas production in the Piceance Basin, as it serves as an 
estimate for how often a horizontal or deviated well, (given that most fractures in the Piceance 
basin are sub vertical), will intersect potential migration pathways for natural gas. These 
pathways tend to be zones of enhanced production, therefore if controls on tighter fracture 
spacing exists, research and exploitation of these controls is beneficial. 
4.1.1 Fracture Spacing in Variable Strain Environments 
Fractures form as a result of differential stress in a body of brittle rock (Stearns and 
Friedman, 1972). Extension fractures form parallel to the direction of maximum stress (σ1), and 
open in the direction of minimum stress (σ3) (Figure 4.1). Shear fractures form 30˚ from the 
direction of highest stress. In zones of increased strain, that is zones with a greater rate of change 
of dip, there tends to be more fracturing than in zones of lesser strain, and less extreme changes 
in bedding dip (Stearns and Friedman, 1972). Therefore, given the variable change in dip across 
different areas of the Piceance Basin, it is highly likely that there is also variability in fracture 
spacing related to variable strain. 
There are a total of three defined strained zones across the Piceance Basin as highlighted 
in Figure 3.2. However, there are no spacing data in the low strain zone because vertical cores 
fail to travel along a single bedding plain in the subsurface. Sites in the north Grand Hogback 
and south Grand Hogback are located in areas of extreme changes in dip angle. Therefore, these 
 52 
two areas are considered high strain zones. Due to the sinuous nature of the Grand Hogback in 
map view, there may be sets of fractures associated with both the folding of the monocline in 
cross section, as well as in map view. This may result in additional fracture sets, and therefore 
tighter fracture spacing, when compared with alternative locations in the Piceance Basin. The 
average spacing for each of the sites in the high strain zone is shown in Table 4.1. Sites in the 
western Piceance area are located in zones of moderate strain, as dips changes are less than in the 
east (Figure 3.2). However, western sites were measured near exposed surface faults, which may 
add additional fault related fracture networks. Data for each moderate strain site are also shown 
in Table 4.1.  
4.1.2 Fracture Spacing at Sites 
 Table 4.2, summarizes the average fracture spacing in each area, as well as a more 
detailed section for the spacing at each site. These data may be affected by more than one 
variable that determines fracture spacing. Almost certainly, there is variable strain at each site. 
Additionally, each scanline was measured in variable depositional environments and bed 
thickness. The number of scanlines measured at each site should reduce the effects of outliers. 
Interestingly, the north Grand Hogback is the widest fracture spacing. However, when combined 
with the south Grand Hogback area to isolate high strain environments, the north and south areas 
are tighter spaced than the western Piceance area (Table 4.1).  
4.1.3 Fracture Spacing in Variable Depositional Environments  
 Many of the depositional environments at each scanline location were directly defined by 
Michele Wiechman, who focused her research on middle and upper Williams Fork stratigraphy 
at many of the same study locations (Wiechman, 2013). Additionally, Sarah Edwards researched 
stratigraphy and facies in the lower Williams Fork at many similar sites (Edwards, 2011). For the 
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purpose of this study, depositional environments from Edwards (2011) and Wiechman (2013) 
were grouped. The groupings of specific depositional environments are shown in Table 4.3. 
Depositional environments are defined in more detail in Table 4.4, and images of sedimentary 
structures in each depositional environment are shown in Figure 4.2.  
 Depositional environment is comprised of a combination of factors, some of which may 
affect fracture spacing. These factors are further examined in the discussion section of this 
report. Table 4.5 shows the 8 depositional environments, and their associated fracture spacing. 
Some depositional environments were only found in certain areas, lower fluvial environments as 
an example were only measured in the west and only measured due to a lack of middle and upper 
Williams Fork outcrops. Additionally some depositional environments are only represented by 
one or two scanlines. This may cause some error when discussing fracture spacing related to 
these under represented environments.  
4.1.4 Fracture Swarm Spacing 
 Fracture swarms are one of the driving factors behind sweet spot production in the 
Piceance Basin as well as the other Rocky Mountain intermontane Laramide aged basins (Hart et 
al., 2000; Hart, 2006). While Hart (2006) does not offer an explanation for the presence of 
fracture swarms, he does indicate that aiming wells at minor structures and more importantly 
seismically identified swarms results in enhanced production. For these reasons, the 
identification and mapping of fracture swarms in the Piceance Basin could play an important role 
in drilling more geologic targets compared to gridding wells. Furthermore, Hart et al. (2000) 
suggest that understanding the locations of fracture swarms can aid in reducing poorly producing 
wells that have overlapped production with already existing wells.  
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 Lorenz (2003) and Lorenz and Finley (1989) briefly touch on the fracture swarms in the 
Mesa Verde Group reservoirs of the Piceance Basin. In the 2003 report, Lorenz looked at near 
horizontal core and determined fracture swarm spacing to be close to 7 ft. However, Lorenz 
failed to explain his definition of a fracture swarm as defined by his study. In the 1989 study, 
Lorenz and Finley defined a swarm as multiple thin fractures less than 0.1 ft. apart.  
 For the purpose of this report, fracture swarms are defined and measured as groupings of 
fractures at a much closer interval than the relative spacing of the rest of the outcrop. For the 
most part, fractures tended to be spaced less than 6 inches apart, and generally were made up of 4 
or more fractures. An example of a swarm deemed important related to production is shown in 
Figure 4.3. There is certainly an issue of scaling when comparing the results of this study to the 
results of other studies, especially the ones that focused on core analysis as the size of measured 
fractures varied greatly. This is further examined in the discussion section of this report.   
 Fracture swarms are not always made up of fractures of the same set, in fact, examples of 
swarms comprised of single sets were rare. This means that swarm spacing is subject to multiple 
forces, and is therefore is presented broken out by a number of methods (Table 4.6).  
4.1.5. Fracture Network Spacing 
 Scanline orientation data reveal that often times there are fractures with similar 
orientations such that they can be grouped and considered a set. Looking both at the as measured 
orientations, prefold orientations, and fracture characteristics these fracture sets were grouped 
first by site, then by area, and finally were categorized into Piceance Basin fracture networks. 
This process is detailed in the fracture orientations section of this report.  
The networks’ orientation, as well as their potential relationship to the nomenclature of 
other studies is shown in Table 2.1. For the remainder of the report, network 1 will be 
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represented by the color orange, network 2 will be represented by the color blue, and the 
structurally related networks will be represented by the color green.  
 Fracture network spacing is summarized in Table 4.7. This table also breaks out the 
networks into spacing of the specific network in each area. For more detailed spacing 
information of networks at each site, or networks at each scanline, please address Appendix A.  
4.2 Fracture Circle Density, Size and Intensity 
 Fracture circles, as defined by Rorhbaugh (2002), aid in estimating the fracture density, 
size, and intensity along a map view of a bedding plane (Figure 3.5). Where bedding was 
exposed at high angles, typically in the north Grand Hogback area, it was easy to find planes for 
fracture circle analysis. However, as fracture sets were widely spaced, the block length was quite 
large for many of the exposed outcrops. This meant that fracture circles were too large to be 
analyzed by hand in the field.  
Instead digital circles were added to photographs taken normal to bedding, and fracture 
characteristics were determined in a lab setting.  Using the radius of the circle (r), the intersection 
of fractures with the radius of the circle (n), and the termination points of fractures in within the 
circle (m), it was possible to calculate fracture density, size, and intensity. Density is defined as 
the fractures per unit area. Size is defined as the average length of a fracture. Intensity is the 
fracture length per unit area (Rorhbaugh, 2002). These calculations, and an example circle are 
shown in Figure 3.7. Often times, multiple circles were measured on a single bedding plane 
surface to more accurately estimate fracture characteristics for a given area (Figure 4.4). 
Fracture circles were recorded at three different sites and in five different depositional 
environments. The density, size, and intensity for these circles are listed in Table 4.8. Each 
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digital circle both as an edited photograph and as a summarized table is available in the 
appendix. 
4.3 Fracture Orientations 
 Fracture orientations were gathered along scanlines and entered into prearranged 
spreadsheets. Using the created text files, fracture planes were plotted in equal area diagrams, or 
stereonets, using Stereonet version 7.3.6 (Allmendinger et al., 2012). Looking at the trends of the 
plotted fractures, it was often quite apparent that there were multiple groups of fracture 
orientations. At the time, the groups were isolated arbitrarily and labeled scanline 1 set 1, or 
scanline 1 set 2 as an example. Once each scan line had been broken down, all of the data for a 
site was plotted in a stereonet with different colors representing isolated sets. It became apparent 
that often, these isolated sets were similar in orientation from scanline to scanline at a site. Sets 
were then grouped based on this finding. This grouping was repeated in each area where sites 
showed related orientations of fracture sets. Additionally, fracture characteristics related to 
relative age relationships were taken into account during the grouping process. At the three areas, 
north Grand Hogback, south Grand Hogback, and western Piceance, as well as at the MWX site, 
there were a total of 15 individual sets, most of these were related through orientation and 
characteristics to one another, such that 3 Piceance basin networks were developed. These 
networks, and the suspected previous literature equivalents are shown alongside orientation data 
in Table 2.1. Further descriptions of each network are found in the discussion section of this 
report. 
 Fracture orientations are important to gas production in the Piceance Basin, as sweet spot 
wells would ideally be orientated normal to average fracture planes in the subsurface. Isolating 
fracture networks is important, as MWX wells have shown that not all networks observed at 
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outcrop are found in the subsurface (Finley and Lorenz, 1989; Satter, 1989). Therefore, 
identification of subsurface fractures and studying their characteristics, like orientation, at 
outcrop and core allows for better exploitation of their aid in gas migration.  
Orientation data are provided in Appendix A as text files of each isolated set at each 
scanline. This allows for any combination of text files in a stereonet program displaying any 
isolated variable at one time. Some combinations of sets are saved for easy use such as each site, 
each area, each depositional environment as well as others.  
4.3.1 Fracture Orientations in Variable Strain Environments 
 Networks 1 and 2 are believed to be fairly regional networks that furthermore are most 
likely pre-deformation of the Grand Hogback monocline in age. These points are discussed in the 
discussion section of this report. For these reasons, it is expected that the orientation of these 
fractures is independent of Grand Hogback folding. Therefore, there should be consistent 
orientation data across multiple sites with similar bedding, or if bedding is unfolded examining 
pre-fold fracture orientation. However, the third network of fractures is structurally dependent, 
and therefore orientation is directly related to the orientation of structures and the related 
localized strain orientation. Bedding at the Fr304 site is roughly 192˚ dipping at 36˚. Figure 4.5 
shows that the structurally related fracture network is trending this same direction, and is dipping 
at very low angles as measured. These fractures are forming parallel to bedding strike and are 
most likely formed due to the folding of the Grand Hogback.  
4.3.2 Fracture Orientations at Sites  
 Present day fracture orientations at different sites are altered by the current orientation of 
bedding, as well as the presence, and relationships of different fracture networks at an outcrop. 
Figure 4.6 shows an outcrop photo with two distinct fracture networks, and a stereonet for all 
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Meeker fractures (Figure 3.1). Meeker clearly shows the presence of multiple fracture networks, 
given the variation of two tight groups of fracture orientations.  
Rifle, while still showing the same networks seen at Meeker also has fracture networks 
orientated such that they may be considered structurally derived (Figure 3.1). Due to the more 
east west trending bedding at Rifle, in order to compare the fractures with north south trending 
bedding at Meeker, the data had to be examined in a pre-folded orientation. Figure 4.7 shows the 
as measured and pre-fold orientations of the fracture networks in the north Grand Hogback.  
 In the south  Grand Hogback, networks 1 and 2 are still densely populated, and tend to 
show roughly the same present day and pre-fold orientations compared with Meeker, due to 
similar strikes in bedding. Fr304 is a clean example of the three common networks seen in the 
south Grand Hogback (Figure 3.1; 4.8). Interestingly, the networks that are consistently found 
across the Grand Hogback are orthogonal.  
 The western Piceance area varies significantly from the north and south Grand Hogback 
areas. There are still likely the two regional sets that are observed in the two eastern portions of 
the Piceance Basin, but additionally there are two separate sets of structurally related fractures 
(Figure 4.9). These two sets seem to be related to the surface faults. The trend of faults in the 
Piceance basin is roughly 060˚ with dips of 60˚ to 90˚; the two structurally related networks seem 
to be orientated parallel and normal to this trend direction (Bader, 2009).  
 Fracture orientations at the MWX site are in relatively unstrained rock, that should be 
indicative of the majority of the Piceance Basin-centered strata. Figure 4.10 shows that while 
large outcrop style fracture characteristics are limited, the orientation of fractures from the MWX 
core supports the existence of the three networks in the subsurface. However, these results are 
much less accurate due to the complications of measuring fracture orientations in orientated core, 
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as well as the inconsistent source of data. Also, the structurally related network in this case is 




Figure 4.1. Joints, or extensional fractures, open parallel to the direction of principal stress, (σ1) 
and perpendicular to the direction of least stress, (σ3).  
 
 
Table 4.1. From left to right, the average spacing associated with high and moderate strain zones. 
The average spacing from scanlines measured at each site in the high strain zone. The average 
















High 1.70 Meeker 2.18 Baxter 1.79 
Moderate 1.86 Rifle 1.57 Coal Canyon 1.78 
Low NA Fr 304 2.00 CO 116 1.45 
    Sunlight 1.12 Cottonwood 2.21 



















Table 4.2. The average spacing of each area, as well as each site are shown above. The south 
Grand Hogback, which may be influenced by Permian evaporites, shows the tightest spacing of 
all sampled areas. The Sunlight site, which may contain additional structurally related fracture 
networks is the tightest spaced of all measured sites. Cottonwood, where scanlines were 
measured across an exposed surface fault shows the widest fracture spacing.  
Area 
Average 









































Table 4.3. The 8 depositional environments to be used in this report are listed above. The 
depositional environments defined by Wiechman (2013) and Edwards (2011) that were grouped 
together are shown in the right two columns. Where overlap of field sites was not possible, the 
author worked with Wiechman to estimate the best fitting depositional environment from outcrop 












1 Shallow marine 15 21 
2 Tidal delta 17, 26   
3 Delta channel 27   
4 Low energy fluvial lower Williams Fork   10, 11, 12 
5 High energy fluvial lower Williams Fork   3, 5, 6, 9 
6 Flood plain or overbank 3, 6   
7 
Higher energy fluvial middle/upper 
Williams Fork 2, 5, 7, 8, 12   
8 
Lower energy fluvial middle/upper 





















Table 4.4. The depositional environments used in this study, and their general description. * The 




Environment  Description 
1 
Shallow marine  
Semi-continuous to continuous, 1 to 3 ft. thick, red to tan, clay to fine-grained 




Continuous to semi-continuous 1 to 5 ft. thick, grey tan to green grey, mudrock 
interbedded with fine-grained sand lenses, mud drapes, occasional mud rip up 
clasts, and rare but obvious tabular cross bedding. 
3 
Delta channel Continuous, 5 ft. thick, tan to reddish tan, fine to medium grained, abundant rip up clasts and concretions at the base, occasional examples of burrowing. 
4 
Low energy fluvial 
lower Williams 
Fork 
Semi-continuous to discontinuous, 3 to 10 ft. thick, reddish tan, fine-grained as 
well as carbonaceous in areas, abundant current ripples, trough, and tabular cross 





Semi-continuous, 1 to 15 ft. thick, tan to reddish tan, lenses of medium grained 
sands imbedded in finer grained sands, current ripples and common tabular cross 
bedding. 
6 
Flood plain or 
overbank 
Semi-continuous to discontinuous, 1 inch to 2 ft. thick, light grey to black, clay 
to silt sized material, often shale, bioturbated in places, soft sediment 






Semi-continuous to continuous 1 to 20 ft. thick, reds to dark greys, fine to 
medium grained sands, lenticular bedded, resistant relative to surrounding 






Semi-continuous to continuous 1 to 10 ft. thick, reds to light greys, fingers of 
mud and silt interbedded in very fine to fine-grained sands, lenticular beds with 




































Figure 4.2. Depositional environment 1 located at Etchart Ridge in Meeker shows the orthogonal 
sets of fractures commonly seen in the northern Grand Hogback. Depositional environment 2 is 
of scanline 3 at Fr304, and shows the en echelon nature of many of the fractures. Depositional 
environment 3 is a photo from scanline 6 in Meeker, there are concretions and mud clasts along 
the base of the outcrop. Depositional environment 4 is a photo from scanline 4 in Coal Canyon, 
these parallel to bedding calcite ledges are common in the Coal Canyon site. Depositional 
environment 5 shows great tabular cross bedding from Cottonwood Canyon scanline 3. 
Depositional environment 6 is a photo from scanline 5 atop McClure Pass showing very thin 
bedding, where fracture spacing is very tight and soft sediment deformation is common. 
Depositional environment 7 shows ripple marks and soft sediment deformation from Baxter Pass 
scanline 1. Depositional environment 8 shows a great example of arrest marks along the face of a 
fracture plane from McClure Pass scanline 2.  
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2 feet 6 inches
2 feet 8 inches 
12 inches 14 inches 


















Table 4.5. The eight depositional environments are shown with their associated fracture spacing. 
There is significant variation in spacing from depositional environment to depositional 
environment with depositional environment 8 being greater than 100% larger than depositional 
environment 1. Depositional environments 1, 2, and 3 are stared, because they contain data from 
2 or less scanlines, meaning there is potential for significant error when discussing these values. 
Depositional 
Environment # Depositional Environment 
Average 
Spacing (ft.) 
1* Shallow marine  1.14 
2* Tidal delta 1.362 
3* Delta channel 1.911 
4 
Low energy fluvial lower Williams 
Fork 1.392 
5 
High energy fluvial lower Williams 
Fork 2.071 
6 Flood plain or overbank 1.434 
7 
High energy fluvial middle/upper 
Williams Fork 1.719 
8 
Lower energy fluvial middle/upper 




Figure 4.3. Fracture swarms when intersected can act as potential production sweet spots. The 
left image shows a fracture swarm along Meeker scanline 7. Five or more fractures are located 
within a 6 inch wide section of a scanline. On the right of the image, the fracture swarm can be 






















Table 4.6. Average fracture swarm spacing is shown from left to right by area, site, and 














Meeker 26.32 1 14.40 
Rifle 24.70 2 32.90 
South 
Hogback 21.78 
Fr 304 11.77 3 NA 
Sunlight NA 4 25.63 
McClure 31.78 5 14.74 
West 24.35 
Baxter 17.77 6 13.62 
Coal Canyon 25.63 7 25.87 









Table 4.7. Fracture spacing broken out into the 3 networks defined by this study. Each network is 
shown by area. This is important, as the structurally related fractures, are not really related across 
the Piceance Basin. There is a tighter spread of structurally related fractures in the north Grand 





North Hogback 2.74 




North Hogback 6.12 






North Hogback 3.02 










Figure 4.4. Etchart Ridge in Meeker, very near scanline 7. Outcrops were sometimes so large, 
that multiple circles were digitized in order to achieve maximum accuracy. Note the radius of 
each circle is 16.5 ft. This is an example of why the author could not measure circles by hand, as 




















Table 4.8. Fracture density, size, and intensity were acquired by using digital fracture circles as 
detailed by Rorhbaugh (2002). Circles were only used when bedding was at high angles and 
favorable for fracture circles as shown in Figure 3.5. Density, size, and intensity are broken out 
by depositional environment at each site, as well as each site as a whole, labeled depositional 
environment all.  
Site Depositional Environment 
Density 




1 0.69 4.51 2.63 
7 0.01 25.26 0.29 
All 0.35 14.89 1.46 
Rifle 
6 0.94 2.22 2.08 
5 1.49 4.67 1.92 
8 31.94 0.70 5.37 
All 16.65 2.38 3.67 




Figure 4.5. The orientation of network 1 is considered independent of Hogback deformation and 
is therefore preserved parallel to the regional strain direction at the time of its deformation. The 
structurally related fracture network instead is preserved normal to the strain direction, but 
parallel to the fold axis of the local structures, in this case the Grand Hogback. The structurally 












Figure 4.6. The outcrop photo on the left shows two distinct fracture sets orthogonal to one 
another. The orientations of networks at Meeker are shown on the right as measured, the results 
show the same two sets, but due to the orientation of the scanlines at Meeker favors the 













Figure 4.7. The orientation of networks 1, 2, and 3 are shown as measured at both Meeker and 
Rifle in the northern Grand Hogback on the left. Due to the extreme variation in bedding 
orientation at these two sites, there appears to be two network 1 trends (Orange) as well as two 
network 2 trends (Blue).  However, after unfolding the two site’s bedding as shown on the right, 
fracture networks line up nicely, such that while there are two text file sets of network 1 and 





Structurally Related Network Network 2  
Northern Grand Hogback 
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Figure 4.8. The stereonet projection of all fracture planes measured at Fr304 is shown on the left, 
and the associated rose diagram is shown on the right. The network 1 and 2 (Orange and Blue) 
are orientated roughly equivalent to both the as measured and prefold Meeker networks, 










Figure 4.9. The orientations of all fractures recorded in the western Piceance area are shown in a 
stereonet projection and rose diagram on the left and right respectively. There appears to be two 
orthogonal sets of fractures, network 1 and 2, and two sets of orthogonal structurally related sets 
that may be related to the faulting in the western portions of the Piceance Basin. These two 










Figure 4.10. The stereonet projection and rose diagram of all fracture in the MWX core with 
orientation data are shown above on the left and right respectively.  The WNW strike of network 
1 is consistent with the outcrop data. network 2, which swings from NNW to NE at outcrop is 
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CHAPTER 5 DISCUSION 
5.1 Fracture Networks 
 Based on orientation and fracture characteristics (open, closed, cemented, abutting 
relationships, etc.), there appears to be multiple regional fracture networks, as well as localized 
structurally derived fracture networks. These individual networks are discussed in the following 
sections.   
5.1.1 Network 1 
The fractures grouped into network 1 are well documented by previous workers and have 
been named the HB-1 set by Lorenz and Finley (1990) and the MV1 set by Verbeek and Grout 
(1992) (Table 2.1). Pre fold orientation, and even present day trend measurements are relatively 
consistent across the entire Piceance Basin, with the exception of the east-west striking portion 
of the Grand Hogback monocline.  Fracture characteristics for this network are fairly consistent 
across the Piceance Basin, including subsurface measurements at the MWX site. For this reason 
it is widely accepted that these fractures are regional in nature and may even extend beyond the 
boundaries of the Piceance Basin (Verbeek and Grout, 1984; Pitman and Sprunt, 1985; Finley 
and Lorenz, 1989; Johnson, 1989; Lorenz and Finley, 1992).  
These regional fractures are thought to have formed during the first periods of intensified 
burial, slightly overlapping with, but still considered younger than the major deformation 
associated with the Grand Hogback monocline (Lorenz and Finley, 1992). East-west 
compression resulted in the direction of maximum stress orientating roughly 285˚ (Dula, 1981; 
Johnson, 1989). Overburden acted as the source of intermediate stress (sigma 2). Therefore joints 
formed along vertical planes orientated towards the northwest. Fractures opened perpendicular to 
the maximum stress direction (sigma 1). A diagram of this type of extensional fracture is shown 
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in Figure 4.1. Aiding in the development of this network was the increasing pore fluid pressures 
derived from onset gas generation (Pitman and Sprunt, 1985). When reservoir permeability is 
low, like in the reservoirs of the middle and upper Williams Fork Formation, pore pressure can 
exceed hydrostatic pressure. When this occurs, pore pressures can cause tensile failure, even 
without the regional stress having any tensile force (Van Der Pluijm and Marshak, 2004). This 
method of fracturing can be reproduced artificially and is referred to as artificial hydraulic 
fracking.  
This network of fractures is considered the oldest network in Mesa Verde strata due to 
abutting relationships with other fracture networks. These fractures often have the largest length 
and greatest height, and act as the termination point for other localized sets in just about every 
area measured (Figure 5.1).  
Characteristic surface morphologies associated with this fracture often include plumose 
structures (Figure 5.1; 5.2). These structures show successive opening events that result in the 
progressive formation of a fracture. The circular nature of arrest marks can help trace the fracture 
source, the direction towards the center of the circles. These fractures failed to show any offset in 
both outcrop and MWX core studies, indicating that these were not formed as shear fractures 
(Finley and Lorenz, 1989). 
 This study’s outcrop observations, orientations, relative age, regional nature, and defining 
characteristics are in line with previous works. Network 1 fractures have the largest volume 
(secondary porosity derived from fracturing), as they incorporate the most amount of open space 
both in height and length, occasionally crossing bedding planes. The open nature of network 1 
fractures makes them potential migration pathways in the Piceance Basin. MWX core data 
suggest that fractures of this network are often calcite cemented, but the aperture of network 1 
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fractures is large enough that fractures are still considered open as cement fails to occlude the 
entire open space (Finley and Lorenz, 1989). However, this study found that at outcrop, the 
fractures appear to be closed more often than reported in the MWX studies. This variation in 
cementation can be explained by the excess of meteoric water near the surface, and therefore an 
abundance of secondary cementation (Ortega and Marrett, 1999). Furthermore, the abundant 
population at all measured sites indicates that network 2 fractures are almost certainly present in 
the majority of the subsurface. Network 1 fractures are the widest, largest, oldest, and most 
regionally extensive of all networks. Therefore network 1 fractures are the most important 
fractures with relation to the exploration and exploitation of natural gas in the Piceance Basin.  
 Horizontal drilling is limited in the Williams Fork intervals of the Piceance Basin. This is 
due to the uneconomical costs of drilling horizontal given the gas target, and the vertical stacking 
of fluvial sandstone reservoirs (Miskimins, 2013). Additionally, target sands are fairly 
horizontally discontinuous in the subsurface. Network 1 fractures, if properly mapped and 
exploited can aid in the increase of revenue by providing additional gas to properly planned 
wells. Furthermore, an increase in the understanding of the modern anisotropy (which is 
estimated to mirror the non uniform stress that formed network 1 fractures), aids in the 
predictability of artificial hydraulic fracturing (Lorenz et al., 1989; Lorenz and Finley, 1989; 
Hofmann et al., 2011). Network 1 fractures can aid in providing clues as to the behavior of these 
frack jobs. 
5.1.2 Network 2 
 Networks 2 fractures are orthogonal to network 1 fractures, and therefore they cannot by 
definition be conjugate sets (Stearns and Friedman, 1972). The relative timing of network 2 
fractures based on termination relationships with the other networks suggests that while the 
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network is younger than the regional network 1 fractures, network 2 fractures are still older than 
the structurally derived fractures. Therefore network 2 fractures are implied to be older than the 
main period of deformation associated with the Grand Hogback monocline, or other intra basin 
structures (Figure 5.3). 
As mentioned previously, network 2 is orthogonal to network 1 at outcrop. However, in some 
locations previous work has found that network 2 fractures are type II termination fractures, 
meaning they are sub parallel to the older fracture and share only one point of contact (Figure 
5.4). This study however found a much more radical variation in orientation of network 2 
fractures such that rarely did the fractures appear to merge together (type II) as shown in Figure 
5.4 so much as they intersected normal to one another (type III) (Figure 4.6).  
 In previous work, the orientation of network 2 fractures varies from location to location 
across the Piceance Basin. However, the general orientation is constrained between a northwest 
and northeast strike with high angle dips both pre-fold and as measured due to the sub parallel 
orientation with outcrop bedding (Verbeek and Grout, 1984; Lorenz and Finley, 1992) (Table 
2.1).  
 Verbeek and Grout (1984), noted the finding of network 2 fractures all along the Grand 
Hogback monocline. Additionally, this study found sets of network 2 fractures with similar 
orientations and characteristics of the Grand Hogback monocline sites in the lesser studied 
western Piceance Basin. MWX well data related to network 2 fractures is inconclusive 
considering the inaccuracy of the fracture orientation data measured. That is, in the MWX report 
most fractures are dipping at 90˚, and there is an extremely wide range of fractures orientated 
west to north that may be comprised of a single set or multiple sets (Figure 4.10) (Finley and 
Lorenz, 1989). In this study, these wide ranging fractures in the MWX core were split up to 
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match the results of the surrounding outcrops, but this is only one interpretation. Given the 
presence of similar fractures both in the east, the west, and potentially in core, it may be that this 
network is regional in scale.  
 As noted in previous work by Verbeek and Grout (1984) and Grout (1988), network 2 
fractures also appear to be extensional fractures. These fractures also show plumose structures 
with sequential arrest marks. However, this report did find that at outcrop, network 2 fractures 
were commonly recorded as closed.  Furthermore, this report found that network 2 fractures 
tended to be less planar than network 1 fractures, often curving significantly (Figure 5.5). 
 The orthogonal nature of network 2 fractures to that of network 1 fractures is still poorly 
understood. While the main phase of uplift associated with the Grand Hogback monocline took 
place in the Eocene, it is thought that the stress associated with forming the younger Grand 
Hogback monocline may have aided in the formation of network 1 fractures during the latest 
portions of the Cretaceous (Grout and Verbeek 1992). Deformation along the hogback in the 
Paleocene resulted in southwestward thrusting along large sections of the soon to be Grand 
Hogback monocline. This south to southwestward stress orientation may have heavily influenced 
the formation of network 2 fractures along the eastern portion of the Piceance Basin (Grout and 
Verbeek, 1992). Again, the additional pressures associated with the generation of gas in a tight 
rock reservoir aided in providing some of the stress release that enabled the system to fracture 
(Cumella and Scheevel, 2008).    
5.1.3 Structurally Related Networks 
 Structurally related network fractures form as the result of localized deformation derived 
from regional strain. Fracture orientation is heavily influenced by the orientation of local 
structures, often focused along the edges of the Piceance Basin. Garrett and Lorenz (1990) 
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plotted the orientation of this study’s structurally related network fractures, along the Grand 
Hogback monocline (Figure 5.6). The strike orientations are sub-parallel to the trend of the 
Grand Hogback monocline. This is because many of the structurally related network fractures 
form as extensional fractures parallel to the axial trace of the monocline (Figure 5.7). This is 
considered a type 2 pattern of fractures associated with folding, where the sigma 1 is parallel to 
the bedding plane and fold hinge, and sigma 2 is normal to bedding (Stearns and Friedman, 
1972) (Figure 5.8). These types of conjugate fractures in theory produce two shear fractures and 
a singular extension fracture (Stearns and Friedman, 1972) (Figure 5.8). The addition of two 
shear fractures, if considered part of the same set as the extension fracture, may explain the wider 
array of strike in the structurally related networks. These conjugate fracture sets are indicative of 
extension parallel to dip.  
 Structurally related fractures are derived from the strain that led to the development of 
local structures. This means that in low strain areas (the center portions of the Piceance Basin 
and the majority of the subsurface), structurally related fractures are not present. For this reason, 
structurally related fractures are not considered regional. The age of this fracture network is 
directly related to the age of the structure the fractures are derived from. Along the eastern side 
of the Piceance Basin, where structurally related networks are derived from the deformation of 
the Grand Hogback monocline, the fractures are theorized to be post network 2, but predating 
previous study’s F sets. This relative age falls within a range of early Paleocene to late Eocene in 
age (Grout and Verbeek, 1992; Lorenz and Finley, 1992). Along the western side of the Piceance 
Basin, structures, primarily Douglas Creek arch, are roughly Eocene in age, with surface faulting 
that occurred in the late Eocene (Bader, 2009). The uplift of Douglas Creek arch triggered the 
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formation of north-northwest forming structurally related fractures. Surface normal faulting 
formed extensional fractures parallel to the trend of the fault system (Bader, 2009). 
 Orientation data are limited in the western third of the Piceance Basin, where Mesa Verde 
reservoirs are shallow, and thus gas exploration is less prevalent. For this reason previous 
fracture orientation data in the west are rare. However, Garrett and Lorenz (1990), as well as 
Verbeek and Grout (1992), measured structurally related fractures along the Grand Hogback 
monocline. For the most part orientations are always noted as sub parallel to outcrop bedding, 
but specifically at Divide Creek Anticline, Verbeek and Grout (1992) note that the structurally 
related network trends at 313˚. 
 At outcrop, Grout and Verbeek (1992) found that while the orientation of measured 
fracture sets suggested a conjugate shear set, the presence of plumose structures and arrest marks 
points to an extensional type of fracturing. This study found that, the fractures tended to be at 
lower dip angles and strike parallel to the axial fold of the Grand Hogback monocline, or other 
localized basin structures. Grout and Verbeek (1992), noted that structurally related fractures 
were only found in thick sandstone bodies, where interstitial slip is less effective at reducing 
strain. This study found that structurally related fractures were often found in sandstone 
intervals, and as previous work concluded, did not find any structurally related fractures in true 
mudrocks.  
 Finely and Lorenz (1989), noted a set of horizontal extensional fractures in MWX core. 
These fractures tend to be cemented with calcite and occasionally quartz. They tend to favor 
sandstone bodies, or clasts, and terminate just after penetrating into shale bedding or a mudrock 
matrix. These horizontal fractures may be sheeting joints. Sheeting joints form when the 
horizontal stress is greater than the vertical stress and therefore a plane that extends in a virtual 
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manner forms. This can occur during periods of uplift and erosion. Additionally, if grains are 
cemented together after being compacted and potentially sutured, later uplift and erosion could 
act on residual stress in the rock and cause sheet jointing (Van Der Pluijm and Marshak, 2004). 
If this is the case, these fractures would be dated within the past 10 Ma (Figure 2.2) 
5.2 Fractures in Variable Strain Environments 
 A single fracture set will have tighter spacing along a single bedding plane in a high 
strain area than a comparative fracture set in an identical lithology in an area of low strain 
(Verbeek and Grout, 1984), Lorenz 2003; Van Der Pluijm and Marshak, 2004). This is fairly 
intuitive, the more something is stretched or compressed, the more often extension joints or shear 
fractures develop. However, the greater effect of high strain zones is the addition of fracture sets 
that would have otherwise not developed due to localized deformation. This is evident when 
comparing the MWX core data, to outcrop data from along the Grand Hogback monocline. In the 
subsurface, where strain resulted from regional compression and horizontal stress from gas 
generation in tight rocks, only regionally formed network fractures exist. Strata located around 
areas of Laramide uplift and erosion additionally developed structurally related fracture 
networks. To think about it quite simply, all of the fractures shown in Figure 5.8 would not be 
present in an area that did not experience localized folding. 
 Fracture spacing is determined by a number of factors including: lithology, bed thickness, 
and the localized strain. In this portion of the discussion one must consider all examples to have 
an equivalent lithology and bed thickness, as these two points will be discussed in the next 
sections. As previously mentioned, where there is more strain there are expectedly more 
fractures. This means that all else being equal, a higher strain environment has tighter fracture 
spacing. This concept is shown in Table 4.1, where spacing is tighter in the higher strain areas, 
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and wider in the moderate strain area. Additionally, isolating just network 1 fractures in the north 
Grand Hogback, south Grand Hogback, and western Piceance area in Figure 4.7, shows that the 
regional network is more tightly spaced in the area of highest strain, the northern Grand 
Hogback, and widest in lowest strain the western Piceance area. 
 Considering that oil and gas companies are for the most part consistently drilling wells in 
an attempt to penetrate and perforate the sand reservoir intervals. Therefore production results 
are controlled for lithology, and while there is still a lack of strong control on bed thickness, 
many of the fluvial channels are within a similar range of relative thickness. Therefore, it is 
within reason to say that to some extent, variations in drilling by location can be related to strain 
environment. Consider then that there is enhanced production from wells that are drilled on 
intrabasin, Laramide structures (Johnson, 1989), as well as in areas that have seismically 
identified subsurface faults that may increase fracture density (Lorenz, 2003). Drilling on 
structures both takes advantage of an area that most likely experienced increased strain, and as 
such developed additional fracture networks from the further deformation. 
 The orientation of fracture networks is almost certainly affected by the orientation of 
stress. Considering that the majority of the fractures examined in this study were extensional in 
nature, it can be concluded that fracture orientation is parallel to the paleo maximum horizontal 
stress direction. Therefore, stress direction is the determining factor for the orientation of 
regional extensional sets. Even if the fractures had been conjugate shear sets, there would have 
been a 30˚ relationships with the orientation of paleo maximum stress direction. Structurally 
related networks are also directly orientated from the localized strain. As previously mentioned, 
the structurally related networks tend to align along the axial trace of the Grand Hogback 
monocline. Additionally, the effects of faulting and folding in the west and interior of the 
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Piceance Basin seem to have formed both parallel and orthogonal fracture sets. Again providing 
evidence that the stress direction, which in turn delineates the trend of folding and faulting, 
determines the orientation of the structurally related fracture networks. 
 While Divide Creek and Wolf Creek anticlines differ in their gravity signatures, due to a 
variation in the density of underlying lithology, their formation history is somewhat related 
(Figure 5.9; 5.10). Permian aged evaporites act as a decollement on the western side (footwall), 
of the thick-skinned thrust fault that forms the Grand Hogback monocline. This layer of 
evaporites extrudes out into the Piceance Basin interior, and the faults that detach along the 
evaporites imbricate and die out in younger Cretaceous strata (Grout et al., 1991) (Figure 5.10). 
This results in repeated evaporite sections under Wolf Creek anticline, and repeated shale under 
Divide Creek anticline. This variation in strata is responsible for the gravity map differences 
between two structures.  
 Grout and Verbeek (1992) performed a fracture study on both Mesa Verde, and younger 
Wasatch and Green River outcrops at Divide Creek and Wolf Creek anticlines. They concluded 
that while one of the regional sets that is prevalent along the entire Grand Hogback monocline is 
found along the exposures of Cretaceous aged strata at these interior structures, it is rare. 
However, Grout and Verbeek (1992) found that there were two structurally related fracture sets, 
both formed as extensional factures from post middle Eocene folding. It is strange that the 
regional networks are not both represented, considering that regional networks should have a 
fairly uniform distribution within the Piceance Basin. The variations observed by Grout and 
Verbeek (1992) may be caused by the underlying presence of evaporites, although the 
researchers offer no explanation.  
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Laramide aged compression formed the stress that enabled the development of the Divide 
Creek and Wolf Creek anticlines. This same stress may have been reduced by ductile 
deformation in the evaporite layer. However, as the evaporites also acted as a decollement there 
is a series of imbricated thrust faults overlying the evaporites. It may be that these faults aid in 
forming zones of weakness that fractures may preferentially form along. Therefore stress may 
have been translated to orient parallel to the faults rather than form regional extension fractures.  
The closest data collected from this report to the section under discussion is along the 
Grand Hogback monocline in the south Grand Hogback area, where there is still an evaporite 
layer underlying Mesa Verde strata. However, data from this section of the Piceance Basin do 
not show any support of influence from evaporites. The spacing in this area for networks 1 and 2 
are right in the middle of the three areas, and there does not seem to be a significant difference in 
the spacing of structurally related fractures either (Figure 4.7). The orientations of fractures 
matches the results of previous studies along the southern portion of the Grand Hogback (Garrett 
and Lorenz, 1990; Gout and Verbeek, 1992). The orientations of fractures as stated is related to 
localized structure, which although influenced by the evaporites as a decollement, does not seem 
to be derived from the presence, or lack there of in comparing the north Grand Hogback, of the 
evaporites. 
 Along the western portion of the Piceance Basin, there are a series of well documented 
normal faults trending roughly 045˚ and dipping at 60˚ to near vertical (Bader, 2009) (Figure 
5.11). These normal faults are thought to be of late Eocene or earlier in age, forming potentially 
post Laramide (Bader, 2009). Due to these additional structures in the western zone, and the fact 
that field sites were chosen for this study to address the effects of faulting, there are potentially 
more measured sets of structurally related fracture networks then the average outcrop would 
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show. As normal faults extend, the orientation of stress is such that the fault may support the 
opening of extensional fractures parallel to the trend of the fault (Figure 5.12). These parallel to 
the fault trend structurally related fractures are evident in the stereonet projections from the 
western Piceance area (Figure 4.9).  
 The second set of structurally related fractures forms normal to the fault parallel set. This 
trend of fractures tends to align sub parallel with the axial trace of Douglas Creek arch (Figure 
4.9). Additionally, these structurally related fractures showed characteristics, open with common 
secondary calcite cement, indicative of jointing, like examples measured along the Grand 
Hogback monocline. Figure 4.2 depositional environment 4, is a strong image of the intense 
secondary calcite cement that forms along the face of some of these fractures.  
Interestingly, with seemingly more structurally related fracture networks in the west, one 
would expect to potentially find tighter spacing. This is however, not the case. Table 4.2 clearly 
shows that there is not a strong effect an fracture spacing given the presence of surface faults and 
a regional anticline. Additionally, Figure 4.7 shows that even with the two separate sets of 
structurally derived fractures, the structurally related network spacing in the west is still wider 
than in the north Grand Hogback. The most reasonable explanation for these findings, is an 
overall less dominating presence of the network 1 fractures. This is supported by Figure 4.7, as 
the western Piceance area has almost twice the spacing of network 1 fractures.  
 Fracture spacing should theoretically be a 1:1 ratio with the thickness of the fractured 
bedding unit (Van Der Pluijm and Marshak, 2004). However, at outcrop this study, and the 
results of previous sub horizontal core work found that there are irregularly spaced fractures sets 
and commonly fracture swarms resulting in a ratio much larger then expected (Lorenz, 2003). 
Characterizing fracture swarms could lead to an increased understanding on their general spacing 
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and preferential formation locations in the subsurface. This of course is beneficial as intersecting 
fracture swarms can be the single most important factor when considering fractures and gas 
production (Hart et al., 2000; Hart, 2006).  
Tensile fractures like those primarily found in the Piceance Basin, form when the stress 
reaches what is called the critical stress intensity factor (Van Der Pluijm and Marshak, 2004). At 
this value, the tensile stress reaches the critical remote tensile stress. However, fracture swarms 
form when bedding has a subcritical stress intensity, causing fractures to occur in more widely 
spaced fracture swarms instead of uniform fracture sets (Olson, 2004). Simultaneously, 
subcritical stress intensity results in multiple fractures forming at once; meaning that they 
overlap each other’s theorized fully developed stress shadows. This means in subcritical cases, 
average fracture spacing can be much tighter then the bedding thickness (Olson, 2004).  
Subcritical fracture growth occurs at lower stress levels, so there should be a significant 
difference in fracture swarm spacing given the variability in strain at many of the field areas 
(Olson, 2004). However, Table 4.6 shows that the average fracture swarm spacing in each of the 
three areas is relatively similar, and the swarm spacing in the west, where strain is considered 
lower, is in the middle of the two higher strain environments. Additionally, fracture swarm 
spacing can be quite variable within a single strain area, from site to site. Fr304 for example 
shows fracture swarm spacing 20 ft. tighter than the McClure field site just 15 miles away. One 
good take away from Table 4.6, is that if the fracture swarms are comprised of mainly regional 
fractures (in the case of this study network 1 fractures), the relatively similar spacing of fracture 
swarms should be continued in the subsurface. After all, fracture swarms if considered to be 
network fractures only, would have formed independent of Laramide uplift and therefore exist 
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both in exposed outcrop as well as the subsurface. If this is the case, this study may suggest a 
fairly consistent fracture swarm spacing in the subsurface.  
 Lorenz and Finley (1989), found fractures commonly occurred as swarms in the MWX 
core. They defined a swarm as fractures less than .1 ft. apart, again an issue of scaling 
considering that most of the fractures measured in core are substantially smaller than the 
fractures measured at outcrop for this study. While no value for fracture spacing is provided, 
purely because of the nature of the vertical core, Lorenz and Finley (1989) did state that fracture 
spacing is significantly less than bed thickness.  
 Lorenz (2003) examined a sub horizontal MWX site core and found that the irregularly 
spaced average fracture spacing was around 3 ft. and fracture swarm spacing was closer to 7 ft. 
Again the loose definition of a fracture swarm, as well as the scale of the fractures being 
measured strongly effects the results, and therefore makes it difficult to compare data from a 
detailed core study to a broad outcrop study.  
5.3. Fractures in Variable Depositional Environments 
 The zone around a fracture, that has a decreased tensile stress is referred to as a stress 
shadow (Figure 5.13). Additionally, the greater the height of a fracture, the wider the associated 
stress shadow (Van Der Pluijm and Marshak, 2004). Stress shadows, under perfect conditions, 
control the location of the next fracture to form laterally in the same bed. Therefore, stress 
shadows aid in the control of fracture spacing. As noted, a shadows width is determined by the 
height of the fracture, which in turn is strongly controlled by the bed thickness. Many fractures 
terminate at the fracture tips intersection with a change in lithology, primarily a sandstone to a 
shale when referring to the middle and upper Williams Fork (Yurewicz et al., 2008) (Figure 
5.14). This termination is due to the variance in lithologic mechanical properties related to tensile 
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strength. Therefore, most fractures grow to the height of the bedding they originate within, and 
develop a fracture shadow radius of one half that height. Fractures are located in the center of a 
fracture shadow, and two shadow radii intersect in the middle of two existing fractures (Figure 
5.13), therefore the relationship of bedding thickness to fracture spacing is usually one to one 
(Van Der Pluijm and Marshak, 2004).  
 One of the main controls on bed thickness is depositional environment. Thick fluvial 
channels, or relatively thick blanket marine sands will form thicker beds at outcrop compared to 
periodic overbank mudrocks, which form thinner beds. In this study, depositional environments 
1, 2, and 6 are defined as having the thinnest bedding units, ranging from 1 inch to 5 feet thick 
(Table 4.4). These three depositional environments have three of the four tightest spaced 
fractures (Table 4.5). The bed thickness in depositional environments 5, 7, and 8 range from 1 to 
20 ft. thick, but are commonly the thickest depositional environments found (Table 4.4). These 
depositional environments are three of the four depositional environments with the widest 
fracture spacing (Table 4.5). Furthermore, fracture swarm spacing is tightest in depositional 
environment 1 and 6, and widest in depositional environment 8 (Table 4.6). There are however 
not enough scanline data in certain depositional environments that also have fracture swarms to 
draw meaningful conclusions relating swarm spacing to depositional environments.  
 A depositional environment can result in the preservation of multiple different lithologies 
that when stacked form important mechanical variations in fracture spreading. In many cases, 
like in the middle Williams Fork, fluvial sand bodies are encased in a matrix of finer grained 
overbank type deposits. This means that there is a sharp contrast in the lithological 
characteristics of the reservoir rocks and the surrounding material. This in turn, has an effect of 
the termination and continuation of fractures both at outcrop and in the subsurface.  
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Fractures often terminate at the edge of sand body margins, due to the differences in the 
mechanical properties between the sand reservoir and the finer grained silts and shales 
(Yurewicz et al., 2008). Often times, extensional fractures will stop growing at the bedding 
surfaces of sand bodies (Verbeek and Grout, 1984; Lorenz, 2003; Cole and Cumella, 2008). This 
is caused by the variations in the mechanical properties of each layer. Shales and finer grained 
mudrocks often are more ductile then the cemented sandstone bodies that make up the reservoir 
rocks in the middle and upper Williams Fork Formation (Van Der Pluijm and Marshak, 2004). 
Therefore the most important fractures in reservoir communication are not defined by their 
vertical reach, but rather their lateral extent (Yurewicz et al., 2008; Zahm and Hennings, 2009) 
Communication in the more extensive marine sandstones is considered greater then in the isolate 
channel sands due to the more laterally extensive sand bodies (Yurewicz et al., 2008). This study 
found that network 1 fractures, and less often network 2 fractures, periodically penetrated 
multiple layers of strata. However, considering that shale is a slope former, and many of the 
outcrops were covered in the shale areas, it is difficult to discern whether these fractures were 
able to maintain growth through a true mudrock, or just through finer grained layers in the larger 
sandstone channel.  
 Another important factor in the formation of fractures in rock is the stiffness of the rock 
layer. The stiffer the rock layer, the quicker the rock will fracture under identical stress 
conditions compared to a less stiff rock unit (Van Der Pluijm and Marshak, 2004). Stiffness is 
partially determined by the lithology of the rock layer, which for the purposes of this study was 
included as one of the defining characteristics when defining a scanline’s depositional 
environment.  
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 When looking at fractures in the depositional environments identified in this study, 
lithologies are either sand rich, or mudrock rich. That is, depositional environments are either 
characterized as channelized sands, marine sands, or some form of finer grained silt and clay rich 
overbank or lagoonal deposit (Table 4.4). Given these two types of lithologies, the expectation is 
that, all else being equal, the sandstones will fracture more readily compared to the shales and 
mudrocks (Lin, 1983). Bed thickness and brittleness are opposing forces related to fracture 
spacing. This study was unable to collect shale scanlines thick enough to compare to sandstone 
units while holding bedding thickness constant.  
 Further increasing the brittleness of the sandstone intervals is the addition of 
prekinematic cements (Verbeek and Grout, 1984; Ortega and Marrett, 1999; Zahm and 
Hennings, 2009). These cements increase the stiffness of the sandstone layers and therefore aid 
in the fracturing of the strata. Dominantly in Williams Fork Formation members, cementation is 
comprised of a combination of calcite and quartz, but rarely cementation includes contributions 
of dickite and barite (Pitman and Sprunt) (Figure 5.15). Isotopic indicators support the idea that 
cementation occurred late in the digenetic process, and were derived from meteoric source water 
(Pitman and Sprunt, 1985).  Verbeek and Grout (1984), suggest that heavily cemented 
sandstones can have average spacing 20 times tighter than weakly cemented comparably thick 
beds. However, the lithology they describe as the wider spaced sandstone in this comparison was 
considered friable and almost loose. These descriptions do not match any of the samples from 
this study, and are likely wider spaced then any of this study’s scanlines measurements.  
 While recording scanlines in this study, there were a few sites that seemed to have above 
average calcite cementation, however adding to the difficulties discussing the influence of brittle 
highly cemented strata is the addition of secondary cementation. Coal Canyon and Cottonwood 
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Creek field sites showed above normal cementation, often with heavy secondary cement too. 
These two sites are primarily lower Williams Fork Formation, and therefore were separated out 
from other channel sand depositional environments. It is possible to draw comparisons of 
depositional environment 4 and depositional environment 8, both low energy fluvial depositional 
environments with seemingly similar bed thicknesses (Table 4.4). The spacing is tighter in the 
lower Williams Fork Formation sites that were located in the west and tended to show heavier 
cementation. However, there are not enough data or information recorded from this study to 
draw strong conclusions relating to the fracture spacing in cemented rocks given that there are so 
many uncontrolled variables in play. It should also be mentioned that outcrops have been found 
to show more cementation than comparable lithologies at depth, potentially skewing this study’s 
findings (Ortega and Marrett, 1999). This is a result of increased meteoric water nearer to the 
surface.  
5.4 Applications of Fracture Circles 
 The application of fracture circles to the Piceance Basin is underutilized, and could 
quickly be expanded given the ease of fieldwork associated with collecting these data. However, 
as mentioned before, the resolution of digital fracture circles is a potential limiting factor when 
analyzing the resulting density, size, and intensity from this modified method of fracture data 
recovery.  
 Seeding seismic cubes with fracture data is one way of creating a model reservoir that 
can aid in the application of drilling more heavily fractured reservoirs in the subsurface (Pranter 
et al., 2010). When available, accurate outcrop data can be applied to these models in order to 
form a more realistic fracture network system. Fracture circles are one great way of determining 
fracture variables to input into these types of models. The issue of digital fracture circle 
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resolution, when considered for the use of seismic models presents an interesting series of issues. 
Is the limited resolution of the digital camera, which excludes small-scale fractures depending on 
the distance of the photo, a way to isolate and capture only fractures that strongly affect 
enhanced production? 
Considering the application of fracture data to the oil and gas industry, which attempts to 
more efficiently exploit the presence of natural fractures in the subsurface, it is reasonable to ask 
if there is a minimum size of fractures that positively affect gas migration and gas production? 
Larger fractures tend to have a larger aperture, and therefore, the influence of cementation on a 
large fracture is limited when compared to smaller, and therefore less open fractures (Ortega and 
Marrett, 1999). Larger fractures can sometimes be filled with occluding cements, primarily 
calcite and quartz, but are more often times open, especially at depth (Ortega and Marrett, 1999). 
Furthermore, while microfractures tend to show the same characteristics as macrofractures 
(orientations, types, and ages), they are often ineffective as migration pathways due to the 
limited remaining volume after cementation, and the fact that they terminate at bedding planes 
(Ortega and Marrett, 1999). Smaller scale macrofractures share some of these same issues related 
to migration pathways. As previously discussed, many fractures terminate when they reach a 
bedding plane (Yurewicz et al., 2008). This results in gas having to migrate laterally again until 
it reaches another vertical fluid conduit and can begin the vertical migration process again. For 
these reasons, larger fractures with greater heights, lengths, and that can often penetrate through 
changes in bedding, are considered the most sought after fracture types.  
Therefore, it may be that the limiting resolution of digital fracture circles focuses on 
capturing the density, size, and intensity of larger, more productive fractures. Using fracture data 
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acquired from deemed, poorer resolution circles, it may be possible to better understand the 
networks that are directly affecting production in a certain well.  
5.5 Follow Up Work 
 The author of this study offers the following suggestions for follow up work related to the 
further development of fracture analysis in the Piceance Basin as applied to petroleum 
exploration and development.  
 Additional data would significantly increase the accuracy of the results from this study. 
For example, the under representation of depositional environments 1, 2, and 3 means that results 
from these three depositional environments are extrapolated, and are certainly less than definitive 
at this point. However, it is recommended that future data be recorded with a more direct goal in 
mind. That is, data may be acquired in more detail and more efficiently if the future work 
focuses on either strain or depositional environment as the variable affecting fracture networks.  
 Furthermore, in relation to the discussion point around resolution of digital circles and 
their potential to seed seismic cubes with only fracture data affecting massive migration of 
hydrocarbon, future work could test the merit of these ideas. As part of the RPSEA project, there 
is a small 3D seismic cube. Researches with greater experience in the geomodeling field could 
expand on the hypothesis developed in this report.  
 Finally, an extensive outcrop study purely focusing on tracing the regional, network 1 
fractures across the Piceance Basin to better define the relationship from the east to the west side 
of the Piceance Basin would increase the highly sought after understanding of the network 1 
fractures in the subsurface. If additional core becomes available, this could prove a important tie 
in. Additionally, if subsurface fracture orientations could be gathered from seismic shot in the 
northern and southern portions of the Piceance Basin, rather then just along the major fields in 
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the middle of the Piceance Basin, a more complete understanding of the regional network could 
be compiled.  
 
 
Figure 5.1. The relative ages of networks 1 and 2 can be seen from this outcrop photo taken in 
Baxter Pass. Network 1 forms the older through going fractures that are unaffected by the 
presence of network 2 fractures. Network 2 fractures terminate at the intersection of network 1 
fractures. This photo also shows plumose structures on the face of both network 1 fractures. 
These types of structures are characteristics of tensile fractures, and in other outcrops show 
multiple arrest marks indicating multiple fracturing events forming one larger fracture. 
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Figure 5.2. The circular pattern (dashed lines) on the face of the outcrop is indicative of a series 
of arrest marks. These marks show periodic events that continued the opening of this fracture. 
The arrow shows the direction of propagation. These circular planes tend to be smooth, and in 
this case have developed some secondary calcite cementation. The scale of these marks ranges 
with the size of the outcrop. Figure 4.2 depositional environment 8, and Figure 5.1 show much 
larger scaled versions of this type of structure in thicker outcrop. 
 








Figure 5.3. Three separate networks are shown at Rifle. Although weakly shown network 1 and 2 
termination relationships are shown, the consistent termination of multiple minor structurally 
related fractures into network 2 factures is clearly shown. In Rifle, structurally related network 





Figure 5.4. Type 1, 2, and 3 terminations of fracture are shown. In general, the Piceance basin 
tends to have so many influential networks, that type 3 is most abundant at outcrop. However, 
previous workers have suggested a type 2 relationship between fracture networks 1 and 2 (Ortega 
and Marrett, 1999). 
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Figure 5.5. The curving line is the intersection of a fracture from network 2, terminating against 






 	         
 99 
 
Figure 5.6. Pre fold orientations of the “cross cutting” fractures recorded by Garrett and Lorenz 
(1990). In a general sense, the strike of structurally related network fractures is sub parallel to the 
orientation of the subsurface thrust fault responsible for the formation of the Grand Hogback 
Monocline. This study’s observations at outcrop found that structurally related network fractures 




Figure 5.7. This cartoon illustrates the general shape of the Grand Hogback monocline and the 









Figure 5.8. This diagram shows the orientation of type 2 fractures associated with folding. Two 
shear fractures and an extensional fracture form parallel to the fold hinge, indicating extension in 
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Figure 5.9. This map shows the locations of Divide Creek and Wolf Creek anticline. The western 
Piceance area sites for this study were along the Grand Hogback, just east of both of these 






Figure 5.10. This structural cartoon shows the decollement zone along the Permian evaporites 
(Blue). As the fault propagates westward, it splays out and is estimated to terminate in the 
Cretaceous Mancos Shale. Notice that the evaporite section is repeated under Wolf Creek 
anticline while shales are repeated under Divide Creek anticline. (Modified from Grout Verbeek, 
1992). 
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Figure 5.11. This map of the northern half of Douglas Creek arch shows both the distribution of 
Mesa Verde outcrops (Kmv) as well as the orientation of some of the normal faults (Black lines 






Figure 5.12. Extensional faulting can result in the formation of structurally derived fracture 








Figure 5.13. Bed thickness (t) in proportional to fracture spacing (dm), in theory developing a one 
to one ratio. This is because the width of a fracture shadow is determined by fracture height, and 
therefore, smaller fractures have smaller widths, allowing for more fractures to form along a 
bedding plane (Van Der Pluijm and Marshak, 2004).  
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Figure 5.14. The left image shows multiple fractures terminating at the plane between two types 



















Figure 5.15. This photomicrograph is of a thin section from the lower Williams Fork Formation 
collected by Edwards (2011). The thin section has been stained to highlight intergranular ferroin 
calcite cement (red). Using a 200 point count method, the detrital composition, authigenic 
composition, pore space, and compaction index are summarized on the right hand table. This 


















CHAPTER 6 CONCLUSIONS 
 Natural fracture networks in the Piceance Basin are categorized as either regional pre-
Laramide structural deformation, or as Laramide aged locally derived structurally related fracture 
networks. Variations in depositional environments and strain environments resulted in minor 
differences in fracture spacing and orientation along outcrops in the Piceance Basin. This study’s 
findings are summarized below.  
 The depositional environment of a measured scanline affects the fracture intensity, or 
spacing, but rarely has an effect on fracture orientation. A depositional environment serves as a 
proxy for bed lithology as well as thickness, two factors that greatly affect the brittleness and 
expected fracture spacing respectively. Thinner beds and more brittle rock fracture more often 
than thicker beds and more ductile rock. Furthermore, fractures tend to terminate along sand 
shale contacts, indicating that reservoir communication is more a function of lateral migration 
than of vertical connectivity.   
 Variations in the strain environments affect the intensity and orientation of fractures 
seemingly more than any other single factor. In areas of increased Laramide deformation (high 
strain), additional structurally derived fracture networks coexist with older regional fracture 
networks. Even minor structures in the Piceance Basin center produce additional fracture sets 
that result in enhanced production. Fracture mapping in the subsurface is complicated by the 
localized variations in strain. Fracture orientation is primarily a function of the maximum stress 
direction responsible for the fracture networks formation.  
 Localized normal faulting in the western portion of the Piceance Basin has aided in the 
formation of an additional structurally related fracture network. This additional network formed 
parallel to fault trends at near vertical dips, suggesting the possibility of extensional fracturing 
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associated with the tensile stress that formed the normal faults. While these fracture systems are 
certainly not present at major distances from the fault system, they could act as a field proxy for 
subsurface faulting in the Piceance Basin interior.  
 Fracture networks in the south Grand Hogback are utilized as a proxy for evaporite 
related structural deformation. This area reported the tightest fracture spacing, the tightest 
fracture swarm spacing, yet demonstrated the widest spacing from structurally derived fracture 
networks. It is unclear if structurally related fracture networks derived from intrabasin anticline 
structures reach the Grand Hogback field sites, and therefore the influence of purely evaporite 
related structures is inconclusive. Evidence of enhanced production from drilling on evaporite 
related, and heavily fractured structures, suggests that additional minor faults and anticlines 
formed from the evaporite decollement may be plausible future target zones.  
 Enhanced production related to the exploitation of natural fractures in the subsurface is 
directly related to the intersection of regional fracture networks. Horizontal drilling in the 
Piceance Basin is uneconomical and inefficient given the additional drilling costs to drill 
deviated wells, and the presence of fluvial reservoirs as vertically stacked and isolated sand 
bodies. More detailed fracture mapping is essential in increasing the payout from horizontal, or 
deviated gas wells. Regional fracture networks, and regional fracture network swarms make up 
the majority of fractures that are able to cut across multiple layers of bedding, commonly have 
larger volumes, and are less susceptible to occluding cementation. Further research related to 
production of Williams Fork Formation reservoirs should focus on isolating the characteristics 
and detailing the average spacing at outcrop of these regional networks to better estimate these 
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Table A.1. Each scanline and fracture circle, and the corresponding depositional environments as 
originally defined to align with Edwards (2011) and Wiechman (2013). Additionally, this table 
shows the depositional environment number that was assigned to each scanline or fracture circle 






Number Edwards # Wiechman # This Study 
Baxter Pass 1     5 7 
Baxter Pass 2     6 6 
Baxter Pass 3     8 7 
Baxter Pass 4   10   4 
CO 116 1     12 7 
CO 116 2   21   1 
CO 116 3   3   5 
CO 116 4     8 7 
Coal Canyon 1   12   4 
Coal Canyon 2   10   4 
Coal Canyon 3   10   4 
Cottonwood 1   11   4 
Cottonwood 2   5   5 
Cottonwood 3   5   5 
Cottonwood 4   5   5 
Cottonwood   1 11   4 
FR304 1     6 6 
FR304 2     6 6 
FR304 3     17 2 
Hay Canyon 1     9 8 
Hay Canyon 2     9 8 
Hay Canyon 3     2 7 
McClure 1     6 6 
McClure 2     9 8 
McClure 3     9 8 
McClure 4     7 7 
McClure 5     3 6 
McClure 6     12 7 
McClure 7     7 7 
Meeker 1     2 7 
Meeker 2     1 8 
Meeker 3     2 7 
Meeker 4     12 7 
Meeker 5     10 8 
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Table A.1 continued. Each scanline and fracture circle, and the corresponding depositional 
environments as originally defined to align with Edwards (2011) and Wiechman (2013). 
Additionally, this table shows the depositional environment number that was assigned to each 






Number Edwards # Wiechman # This Study 
Meeker 6     27 3 
Meeker 7     12 7 
Meeker 8     26 2 
Meeker   Echart 9   12 7 
Meeker   Jensen 10+   15 1 
Rifle Gap 1   9   5 
Rifle Gap 2   9   5 
Rifle Gap 3   6   5 
Rifle Gap 4     6 6 
Rifle Gap 5     6 6 
Rifle Gap 6     10 8 
Rifle Gap 7     5 7 
Rifle Gap   1   6 6 
Rifle Gap   2 9   5 
Rifle Gap   3 6   5 
Rifle Gap   4   10 8 
Sunlight 1     10 8 
Sunlight 2     10 8 
Sunlight 3     8 7 





Figure A.1. The stereonet and rose diagram from the MWX site. Stereonets are projected such 





Figure A.2. The stereonet and rose diagram from Meeker. Stereonets are projected such that 
















Figure A.3. The stereonet and rose diagram from Rifle Gap. Stereonets are projected such that 






Figure A.4. The stereonet and rose diagram from the North Grand Hogback. Stereonets are 
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Figure A.5. The stereonet and rose diagram from Fr 304. Stereonets are projected such that north 





Figure A.6. The stereonet and rose diagram from Sunlight. Stereonets are projected such that 















Figure A.7. The stereonet and rose diagram from McClure Pass. Stereonets are projected such 





Figure A.8. The stereonet and rose diagram from the Southern Grand Hogback. Stereonets are 
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Figure A.9. The stereonet and rose diagram from Baxter Pass. Stereonets are projected such that 





Figure A.10. The stereonet and rose diagram from CO 116. Stereonets are projected such that 

















Figure A.11. The stereonet and rose diagram from Coal Gulch. Stereonets are projected such that 





Figure A.12. The stereonet and rose diagram from Coal Canyon. Stereonets are projected such 















Figure A.13. The stereonet and rose diagram from Hay Canyon. Stereonets are projected such 





Figure A.14. The stereonet and rose diagram from the Western Piceance Basin. Stereonets are 
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